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ABSTRACT OF THE DISSERTATION 
Abstract of the Dissertation 

 

Evolution and Diversification of the Core Transcription Regulatory Network 

 

By 

 

Sascha Hans Christian Duttke 

Doctor of Philosophy in Biology 

University of California, San Diego, 2015 

Professor James Kadonaga, Chair 

 

 The manifold species we marvel today reflect the diverse regulatory mechanisms 

facilitating differential gene expression and therefore cell differentiation. Transcription is 

the initial step in gene expression and three RNA polymerases (RNAPs) with reportedly 

non-overlapping functions reside in the human nucleus. All three RNAPs share one 

common ancestor, which may be reflected in the finding that RNAP III accurately 

initiates transcription from RNAP II promoters. These results propose a functional 

conservation among RNAP II & III and further imply polymerase specificity as not 

constant, but a variable that depends on promoter properties and transcription conditions. 



 

xiv 
   

 The regulation of gene expression was previously assumed to be primarily 

mediated by sequence-specific transcription factors. It has now become evident that also 

the basal transcription machinery greatly diversified during evolution. Independent 

duplications of the TATA-binding protein (TBP) yielded paralogs, termed TBP-related 

factors (TRFs) which support different transcription systems. For example, TRF2 but not 

TBP is required for TCT core promoter motif-dependent transcription in Drosophila 

melanogaster while TBP but not TRF2 is essential for the initiation of transcription from 

TATA box-dependent promoters. The observation that TBP family proteins each support 

distinct sets of transcriptional programs led to the proposal to refer to them as “system 

factors”. Notably, subdivision of the transcription systems likely reduced constraints, 

thereby facilitating evolvability and ultimately specialization. One example for 

specialization was encountered by the functional characterization of the TCT motif that 

was found to be highly enriched at the promoters of genes involved in translation. These 

findings propose TCT-dependent transcription to constitute a conserved and specialized 

RNAP II system complementing RNAP I and III to ensure translation, thereby proving an 

example how distinct core promoter motifs and TRFs facilitates regulatory specialization.

 In addition, the directionality of the human transcription apparatus was analyzed 

which revealed core promoter and the basal transcription apparatus to be highly 

directional. Using DNase I accessibility defined promoter borders revealed that about half 

of the promoters are unidirectional. Reverse-oriented transcripts of bidirectional or 

divergent promoters originated from their own cognate reverse-directed core promoter. 

Unidirectional promoters are depleted of reverse core promoter sequences or associated 

chromatin features at their upstream edges. 
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CHAPTER 2 

The TCT Motif Is Conserved among Drosophila and Humans and Enriched in 

Promoters of Genes Involved in Housekeeping and Translation 

ABSTRACT  

 The signals initiating gene expression are eventually integrated at the core 

promoter where diverse core promoter motifs interact with the basal transcription 

machinery to recruit the RNA polymerase. The diversity in core promoter motif poises 

their composition as a means to regulate gene expression. Here we characterize the TCT 

motif in humans and show that it is an evolutionary and functionally conserved RNA 

polymerase II core promoter motif enriched in the promoters of genes involved in 

translation and housekeeping. These findings propose TCT-dependent transcription to 

constitute a conserved and specialized system, thereby proving an example how distinct 

core promoter motifs facilitates regulatory specialization. 

 

INTRODUCTION  

 The diversity of life forms we marvel today is a reflection of the manifold 

regulatory mechanisms that facilitate differential gene expression and therefore 

differentiation. At the heart of gene expression lies the core promoter which ultimately 

integrates all signals regulating the initiation of transcription (Smale and Kadonaga 2003; 

Juven-Gershon and Kadonaga 2010). The core promoter is comprised of specific DNA 

sequence motifs, termed core promoter motifs, which interact with the basal transcription 

machinery to eventually recruit the RNA polymerase. Over the last decades, diverse core 

promoter motifs were identified (Smale and Kadonaga 2003; Juven-Gershon and 
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Kadonaga 2010; Kadonaga 2012), yet none are universal (Kadonaga 2012; Siebert and 

Soding 2014) and there are many more to be found. Core promoter motifs can exhibit 

specialized functions. For example, the TATA box is specifically enriched in 

developmental genes expressed prior to the mid-blastula transition in Drosophila (Chen 

et al. 2013) and the downstream promoter element (DPE) is found in many 

developmental genes including most HOX genes (Juven-Gershon et al. 2008; Juven-

Gershon and Kadonaga 2010) and those regulating dorsal-ventral axis formation (Zehavi 

et al. 2014a). These specialized functions may be due to recruitment of  particular basal 

transcription machineries by the different core promoter motifs (Duttke et al. 2014; 

Zehavi et al. 2014b). 

 The TCT motif (pyrimidine-rich Initiator) is found at the transcription start site 

(TSS) of nearly all ribosomal protein genes in Drosophila (Parry et al. 2010). Although 

its sequence composition superficially resembles the Initiator (“TCTTT” vs. “TCATT”), 

the single T-to-A substitution is critical as the TCT motif cannot function in place of the 

Initiator (Parry et al. 2010). This similarity in DNA sequence may have been one reason 

why the TCT motif was not detected in previous computational motif finding approaches 

(e.g. Ohler et al. 2002).  

  Here we describe the functional characterization of the TCT motif in humans, 

which revealed the TCT motif to be functionally conserved among Drosophila and 

humans. In addition, genome-wide analysis in Drosophila and humans TSS suggests the 

TCT motif to be a rare core promoter motif highly enriched at the promoters of ribosomal 

protein genes but also other factors involved in translation. These findings further support 
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the notion that the TCT-dependent RNA polymerase II transcription system complements 

RNA polymerase I and III transcription programs which are dedicated to translation 

(Parry et al. 2010; Duttke et al. 2014). The TCT motif is also found in promoters of 

strong and ubiquitously expressed housekeeping genes.  Together, this poses the TCT-

dependent transcription system as a specialized system dedicated to ensure strong, 

ubiquitous gene expression, thereby presenting an example how distinct core promoter 

motifs engage in gene regulation. 

 

RESULTS 

 The TCT motif consensus sequence in Drosophila and humans. Research by Parry 

et al. (2010) identified the TCT motif as a critical component of ribosomal protein gene 

promoters in Drosophila  (Parry et al. 2010). To investigate its general prevalence, we 

utilized available TSS data (Kwak et al. 2013) to define putative TCT-containing core 

promoter on genome-wide level. For a minimal bias, and as a few Drosophila TCT-

containing promoter like Ef1beta initiate on the “T”, the genomes of Saccharomyces 

cerevisiae, Drosophila and humans were searched for promoter initiating on 

“YY(+1)TYY”. The “T+2” represents to most highly conserved nucleotide in an 

alignment of TCT-containing Drosophila ribosomal protein gene promoters. In addition, 

the requirement of a precisely mapped TSSs limited our analysis to the promoters of 

expressed genes. 

 Overall, we identified 96 Drosophila and 548 human genes with “TCT-containing 

core promoters”, but we were unable to identify any candidates in yeast (data not shown). 

Sequence alignment provided the Drosophila TCT consensus of “YC+1TTT” (Fig. 
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2.1A), which is similar to the sequence previously derived from an alignment of 

ribosomal protein gene promoters (Parry et al. 2010). Using the same parameters derived 

the consensus of “YC+1TYY” for humans. Thus, while the “C+1,T+2” site is highly 

conserved across all 548 human promoters, the adjacent nucleotides displayed a close to 

50:50 distribution of cytosine to thymine (Fig. 2.1A). In contrast to Drosophila, the 

human TCT motif resembles more a pyrimidine-rich initiator.  

 

  

Figure 2.1 The TCT motif is a RNA Polymerase II core promoter motif found in Drosophila
and humans. (A) Drosophila and human TCT motif consensus sequence generated (Crooks et al. 
2004) by alignment of the strongest transcription start. (B) Human ribosomal protein genes and 
translation elongation factor 2 (hEEF2) promoters (from -50 to +50 relative to the +1 
transcription start site) were subjected to in vitro transcription analysis and the transcripts 
detected by primer extension analysis. Where indicated, 4 µg/mL α-amanitin was added, a 
concentration that inhibits RNA polymerase II but not I or III. 
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 It is further worth noting that TCT promoters fall into the category of “broad 

peak” promoters (Ni et al. 2010) and in some occasions (i.e. dRpL30 or hEIF3H), several 

TCT motifs were  interlinked leading to several TSSs within the core promoter. The 

number of TCT motifs is therefore predictive for the number of TSSs. 

 The TCT motif is conserved between Drosophila and humans. The TCT motif was 

preciously  characterized  in  Drosophila (Parry et. al 2010) and  sequence  analysis  sug- 

 

 

Figure 2.2 The TCT motif is functionally conserved and critical for the transcription of 
human TCT-containing promoters. (A) Diagram of the triple nucleotides substituted. Denoted 
trinucleotides were converted to GGG expect for -4 to -2 for hRpLP1 where the natural sequence 
GAG was substituted with AAA. (B, C) In vitro transcription analysis of hEEF2 and hRpLP1 
respectively with the transcriptional activity of each mutated promoter reported relative to its 
wild-type levels.  EEF2 contains a fully functional TATA box at -30 (in respect to the +1 
transcription start site). (D) Transcription of hRpLP1 as in B, but with Drosophila nuclear extract. 
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gested its  occurrence in human core promoters. To functionally characterize the human 

TCT motif, several TCT-containing promoters were cloned and their transcriptional 

activity tested in vitro. Transcription by RNA polymerase II was demonstrated by 

sensitivity to 4 ng/µL α-amanitin (Fig. 2.1B). Next, triple-nucleotide substitutions were 

generated from -4 to +11 (relative to the C+1 TSS) and the wild type pyrimidine-rich 

sequence was substituted with GGG trinucleotides. As shown for the promoters of the 

human large ribosomal protein 1 (hRpLP1) and the eukaryotic elongation factor 2 

(hEEF2, Fig. 2.2 A-C), alteration of the DNA sequences from -1 to +2, but particularly 

from +3 to +5 resulted in a tenfold repression of transcriptional activity for hRpLP1 and 

fivefold for hEEF2. Substitution of the +6 to +8 nucleotides caused ectopic TSSs. This 

pattern resembled previous results from Drosophila (Parry et al. 2010), suggesting a 

functional conservation among Drosophila and humans. To address this notion, we 

further transcribed the human TCT-containing core promoters with Drosophila nuclear 

extract (DSK). As shown in Fig. 2.2D, the Drosophila factors efficiently transcribed the 

human TCT promoters in a comparable manner, thereby substantiating a functional 

conservation. 

 The TCT motif is highly overrepresented in the promoters of genes involved in 

translation and ubiquitously expressed housekeeping genes. The TCT motif is present in 

nearly all ribosomal protein genes in Drosophila (Parry et al. 2010). To investigate a 

putative theme on genome-wide level we performed gene ontology analyses (Huang et al. 

2009), which revealed a striking connection between the TCT motif and genes involved 

in translation (13.6 fold enrichment, p=3.3*10-51 in Drosophila and 16.3 fold enrichment, 
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p = 3.99*10-35 in humans, Table 2.1). In Drosophila and humans, the TCT motif was 

found  

Table 2.1 Gene ontology analysis of TCT motif-containing core promoters.  
 

 

Gene term enrichment with significant enrichment scores 1 was calculated with DAVID (Huang 
et al. 2009). 
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at the promoters of nearly all ribosomal protein genes. Moreover, the TCT motif was also 

highly enriched in promoters of genes encoding translation initiation and elongation 

factors as well as the mitochondrial ribosomal protein genes. This finding strengthens the 

notion that the TCT-dependent transcription system is a Pol II transcription system that 

complements Pol I and Pol III thereby ensuring the vital process of translation in a cell 

(Parry et al. 2010; Duttke et al. 2014).  

  The TCT motif was further enriched at promoters of housekeeping genes and 

those involved in cell division. This poses the TCT motif as a specialized core promoter 

motif predominantly found in the promoters of genes which are constitutively and 

ubiquitously expressed across different cell types.  

 

DISCUSSION. 

 The TCT motif is a rare core promoter motif conserved among Drosophila and 

humans, thus perhaps among bilateria. Genome-wide analysis proposed the TCT motif 

consensus sequence as “YC+1TTT” in Drosophila, and “YC(+1)TYY” in humans.  The 

“Y” in humans displayed a close to 50:50 distribution of thymine to cytosine, resembling 

a pyrimidine rich initiator.  

 The TCT motif is overrepresented at promoters of the translation machinery and 

other highly expressed housekeeping genes. Translation is a pivotal process of life. One 

function of the TCT-dependent transcription system is likely to ensure translation by 

generating sufficient mRNA encoding for ribosomal proteins and transcriptional 

regulation factors transcripts which can represent up to 60% of the total mRNA (Wade et 

al. 2004), hence ensure translation. 
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 The TCT motif is likely unique to multicellular organisms. This encourages 

speculation that a more general function of the TCT transcription system is to ensure high 

gene expression across diverse cell types. This hypothesis is supported by the findings 

that many highly and ubiquitously expressed housekeeping genes are regulated through 

TCT-containing promoters (Table 2.1). In Drosophila, TCT-dependent transcription 

requires the TATA box-binding protein related factor 2 (TRF2) but not TBP (Wang et al. 

2014). Unlike TBP, the key amino acids required for TAF1-dependent repression are 

altered in TRF2 (Liu et al. 1998; Duttke et al. 2014). This substitution likely nullifies 

TAF1-dependent repression which may facilitate the constitutive expression of TCT-

dependent genes. However, the role of TRF2 in human transcription is yet elusive. Some 

human TCT promoter, like EEF2 (Fig. 2.1C, 2.2B), contain a functional TATA box 

which is recognized by TBP. The TCT motif may therefore be compatible with both, 

TRF2- or TBP-dependent RNA polymerase II transcription systems. 

 

 In summary, the TCT-dependent transcription system is a specialized 

transcription system, dedicated to the strong and ubiquitous expression of genes involved 

in housekeeping and translation. Thereby, it further provides an example for how core 

promoter motif diversity facilitates regulatory specialization, likely through recruitment 

of different basal transcription machineries (Duttke et al. 2014). Core promoter diversity 

thus provides an additional level of gene regulation. 
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MATERIALS AND METHODS 

 DNA Templates. Double stranded oligonucleotides containing the promoter 

sequences from -50 to + 50, relative to the +1 TSS, were cloned into pUC119 using XbaI 

and PstI. 

 In vitro transcription. Human in vitro transcription reactions were performed as 

described previously (Duttke 2014). Briefly, 500 ng (~245 fmol) supercoiled DNA 

template was added to a total of 46 µL transcription mix containing 2 mg/mL human 

nuclear extract (HSK), 20 mM HEPES-K+ (pH 7.6), 2 % (v/v) glycerol, 4% PEG (15-20 

kDa.), 50 mM KCl, 0.02 mM EDTA, 6 mM MgCl2, 0.5 mM DTT, 10 mM 

phosphocreatine, 3 mM ATP and 6 U SUPERase™ RNase Inhibitor (Life Technologies) 

final. Transcription mixtures were incubated for 75 minutes at 30ºC to allow formation of 

the pre-initiation complex before transcription was initiated by addition of 4 µL 5 mM 

NTPs. Where indicated, 4 μg/μL α-amanitin (final) was added prior to NTP addition. 

After 20 minutes, transcription reactions were stopped. Nucleic acids were purified by 

conventional phenol-chloroform-EtOH purification and transcripts were extended with a 

P32-labelled M13 Rev primer, separated on an 8% urea sequencing gel and quantified 

using a Typhoon Phosphor Imager (GE Health Sciences). Drosophila in vitro 

transcription conditions are described in Duttke (2014). 

 DNA sequence motif and gene ontology analysis. Drosophila and human TSS 

were defined from primary PRO-Cap and CAGE data, respectively.  In each type of 

experiment, sequencing reads representing the 5’ end of transcribed RNAs were mapped 

to their respective genomes with bowtie2 (Langmead and Salzberg 2012). TSS were 
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identified using HOMER, which performs strand-specific peak finding on the aligned 

reads, centering putative TSS on the single initiation site with the most reads within a 150 

bp window (Heinz et al. 2010; Lam et al. 2013).  TSS were assigned to annotated genes if 

they were found within 150 bp of the RefSeq annotated TSS.  TCT initiating TSS were 

defined as those containing a YY(+1)TYY motif, using HOMER to search for the motif.  

TCT motif logos were created from 548 human and 96 Drosophila putative TCT 

promoters as described elsewhere (Crooks et al. 2004).  Gene Ontology enrichment 

analysis of TCT promoters in biological processes was performed using DAVID (Huang 

et al. 2009). 
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DISCUSSION 

 

 Life, in all its beauty and diversity presents itself in a myriad of forms. Whether in 

an urban environment, or strolling through nature, you can witness it – insects, birds or 

the plant on the walkway. Yet, our human eye can only see a tiny fraction of the species 

inhabiting our planet. Life was first present 3.5-3.9 billion years ago (Schopf 2006; 

Abramov and Mojzsis 2009; Noffke et al. 2013) as a simple single, self-reproducing unit 

that responded to stimuli. Not surprisingly, the vast majority of species found today are 

still unicellular and 10-1000 times smaller than a grain of salt. The species we can 

actually see with our bare eye are made up of billions of individual cells – around 4x1013 

in adult humans (Bianconi et al. 2013). And there is strength in numbers. Like multiple 

workers in a factory, multicellularity enables cellular specialization. Indeed, over 200 

different types of cells inhabit and shape our body. Together, cell number, shape, type 

and position ultimately define a body plan. But what enabled complex body plans to 

evolve? One answer is certainly differential gene expression. 

 Gene expression is regulated at many steps – some of which are still unknown. 

The importance of gene regulation for adaptation and fitness of an organism was already 

evident from early studies on yeast and Bacteria (Adams and Hansche 1974; Cocks et al. 

1974).  Transcription is the initial and perhaps most regulated step (Li et al. 2014) in gene 

regulation. Following promoter opening, basal transcription factors interact with co-

activators and specific DNA elements, termed core promoter motifs, to recruit the RNA 

polymerase (RNAP). The basal transcription machinery, however, has long been 
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regarded as universally conserved and playing a passive role (e.g. Thomas and Chiang 

2006). 

 It is now apparent that both core promoter motifs and basal transcription factors 

diversified during evolution and play an essential role in differential gene expression. 

Nevertheless, it is important to note that diversification of transcriptional regulation as 

well as other key innovations such as multicellularity, and later complex body plans, are a 

product of positive natural selection. Increased regulatory complexity is thus not the 

reason why complex body plans have evolved, but an essential means for it. The benefits 

and fitness of having complex body plans, although not completely understood, are 

discussed in many excellent publications (e.g. Szathmary and Smith 1995; Bonner 1998; 

Ruiz-Trillo et al. 2007) and are beyond the scope of this thesis where I focused on the 

regulatory diversification during the initiation of transcription.   

 

Diversification and Conservation among RNA Polymerases during Evolution  

 RNA polymerases are found in all domains of life and greatly diversified during 

evolution. Prokaryotic RNAP contains five subunits and forms a holoenzyme with one of 

several σ-factors that guide promoter specificity (Figure D.1A, Decker and Hinton 2013). 

Archaeal RNAP is made of 11-13 subunits and alike eukaryotic RNAPs, transcription 

initiation is mediated by basal transcription factors (Figure D.1B, Werner and Grohmann 

2011). Most eukaryotes encode three RNAPs (RNAP I-III, Cramer et al. 2008) with the 

notable exception of green plants (Viridiplantae), which often encode five (Ream et al. 

2009).  
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Figure D.1 Diversification of RNA polymerases and the basal transcription factors. 
The drawing presents a simplified overview of the currently known multi-subunit RNA 
polymerases and their pre-initiation complexes from the three domains of life – Bacteria 
(A), Archaea (B) and Eukarya (C). 
 

 Eukaryotic RNAPs differ in their subunit composition (Figure D.1C) and are 

commonly described to transcribe three distinct subsets of genes (Cramer et al. 2008, and 

references within). Nevertheless, all multi-subunit RNA polymerases are derived from 

one common ancestor (Werner and Grohmann 2011). Consistent with this finding, 

structural studies have highlighted a conserved core found in all three eukaryotic 

transcription systems as identical or homologous proteins for the twelve RNAP II 

subunits are also present in RNAP I and III (Vannini and Cramer 2012). All or most of 

the additional subunits present in RNAP I and III were found to be related to the 

independent basal RNAP II transcription factors E and F (TFIIE, TFIIF; Sentenac 1985; 

Goodfellow and Zomerdijk 2012; Vannini and Cramer 2012; Knutson and Hahn 2013).  
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 Consistent with the structural conservation, RNAP III was found to accurately 

initiate transcription from RNAP II promoters in vitro (Chapter 1, Duttke 2014), thereby 

providing evidence for a functional conservation among RNAP II and III. Transcription 

initiation by RNAP III from RNAP II promoters in vivo was previously reported for the 

promoters of RppH1 and c-myc (Sussman et al. 1991; James Faresse et al. 2012). In 

addition, preliminary results obtained from transfection assays further support the notion 

that RNAP II promoters can also be transcribed by RNAP III under specific conditions in 

vivo (Duttke and Kadonaga, unpublished). The initiation of RNAP III from RNAP II 

promoters is likely due to TBP-mediated crossover function. TBP is shared among all 

three eukaryotic transcription complexes, yet no RNAP I-mediated transcription was 

observed. This may be due RNAP I being the most rapidly evolved RNA polymerase and 

its specialized function in transcribing the pre-rRNA gene (Iwabe et al. 1991, Russell and 

Zomerdijk 2006). 

 In summary, these findings underline the importance of the core transcription 

apparatus in gene regulation. In addition, they suggest that polymerase specificity is not a 

constant but a function of the promoter and the transcription conditions. 

 

Diversification and evolution of the basal transcription machinery in Eukarya 

 Comparison between yeast (unicellular) and mammals emphasized their overall 

conservation of the basal transcription factors, despite obvious differences in body plan 

complexity. A closer look, however, denotes the emergence of TBP-related factors 

(TRFs) and alternative TBP-associated factors (TAFs). The canonical TFIID complex is 

composed of TBP as well as 14 TAFs (Thomas and Chiang 2006) and anchors the 
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transcription apparatus to specific core promoter elements and chromatin marks 

(Chalkley and Verrijzer 1999; Lauberth et al. 2013; Vermeulen et al. 2007).  

 Diversification of the TAFs mediated regulatory diversification (Deato and Tjian 

2007; Goodrich and Tjian 2010). For example, Drosophila encodes five testis specific 

TAFs that specifically mediate the expression of a large set of genes involved in terminal 

differentiation of the male gamete (Hiller et al. 2004). Similarly in mammals, the cell 

type specific TAF4 paralog TAF4b alters the TFIID conformation and promoter 

specificity, and thus gene expression (Liu et al. 2008). Alternative TAFs therefore 

provide one means to alter promoter specificity. There are also examples of completely 

distinct TFIID complexes.  During skeletal myogenesis, the canonical TFIID complex is 

replaced by a second distinct core promoter recognition complex which selectively 

regulates distinct developmental programs (Deato and Tjian 2007). Another example is 

observed in human embryonic stem cells which contain only six TAFs (TAFs 2, 3, 5, 6, 7 

and 11; Maston et al. 2012). Indeed, the promoters of most active genes were only bound 

by TAF3, TAF5 and TBP while all TAFs were present upon stem cell differentiation.  

 Chapter 3 and 4 now describe distinct roles for TBP and TBP-related factors 

(TRFs) in regulating gene expression (Duttke et al. 2014; Wang et al. 2014). Together 

these studies identified multiple, largely independent transcription systems. The 

observations that TBP family proteins each support distinct sets of transcriptional 

programs for a given RNAP led to the proposal to refer to them as “system factors” 

(Duttke et al. 2014; Duttke 2015). In this sense, RNAPs in combination with different 

TBP-family proteins present different transcription systems, similarly as known with ơ-

factors in Bacteria. The subdivision of RNAP transcription systems facilitated a drastic 
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increase in regulatory diversity that and may have allowed proliferating and differentiated 

cell types to sustain distinct transcriptional programs, thereby reducing gene regulatory 

constraints during development. Indeed, the diversification or the RNAP II transcription 

machinery into TATA box-binding (TBP)-dependent and TBP-related factor 2 (TRF2)-

dependent transcription systems was followed by an extensive increase in taxonomic 

diversity (Duttke et al. 2014). 

 The increasing availability of diverse genomes will allow a more detailed analysis 

of the emergence and diversification of basal transcription factors across evolution. Such 

an analysis may facilitate the identification of alternative factors or perhaps even 

alternative RNAP subunit compositions. 

 

Diversification of core promoter motifs 

 As with the basal transcription factors, sequence-specific core promoter motifs 

participate in combinatorial regulation and diversified during evolution. Consequently, 

there is no universal core promoter motif (Kadonaga 2012; Siebert and Soding 2014). 

Depending on the motif, each is present in 1-30% of all core promoters and particularly 

the rare core promoter motifs can exhibit highly specialized functions (Capter 2, Zehavi 

et al. 2014b). A number of past reviews have described the function and properties of the 

core promoter motifs in great detail (Smale and Kadonaga 2003; Sandelin et al. 2007; 

Juven-Gershon and Kadonaga 2010; Kadonaga 2012) and a list of some of the better 

known core promoter motifs and their interaction partners in shown in Figure D.2A, their 

cognate consensus sequences in Figure D2.B. 
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Figure D.2 Diversification of core promoter motifs. (A) Schematic representation of 
some of the better known core promoter motifs and their interaction partners and (B) their 
cognate consensus sequences.  Dashed boxes denote bacterial motifs.  
 

The TATA box was the first core promoter motif discovered. It is conserved among 

Archaea and Eukarya and may therefore be the most ancient core promoter motif present 

in humans. The downstream promoter element (DPE) and the pyrimidine-rich initiator 

(TCT) motif are found in Drosophila and humans (Burke and Kadonaga 1997; Parry et 

al. 2010, Chapter 2) but not in yeast, which implies conservation among metazoans. The 

DPE is present in the promoters of nearly all Drosophila HOX genes and is further 

involved in dorso-ventral axis formation (Zehavi et al. 2014a). It therefore appears to be a 

core promoter motif with specialized functions in development. Similarly, the TCT motif 
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is found at the promoter of most ribosomal protein genes as well as many other genes 

involved in translation (Chapter 2). In this sense, the TCT-dependent RNAP II 

transcription system complements RNAP I and III to ensure the pivotal process of 

translation (Parry et al. 2010; Duttke et al. 2014). The factors recognizing the TCT motif 

remain to be identified. Other core promoter motifs like the DCE motif have so far only 

been described in vertebrates (Juven-Gershon et al. 2008). Nevertheless, the emergence 

of core promoter motifs during evolution is still poorly understood. Simple inspection of 

any large genome is likely to find any given core promoter motif sequence, in particular, 

those that are highly degenerated and not constraint by location. But few motifs were 

actually verified experimentally across different species. In addition, high sequence 

diversity as for example found for the DPE motif, or sequence similarity as exhibited by 

the TCT motif and the Initiator (‘TCTYYY’ vs. ‘TCAKTY’), makes their computational 

identification challenging. It is therefore not surprising that these motifs were only found 

experimentally. To date, computational studies question the relevance of the DPE motif 

in humans (Sandelin et al. 2007) while DPE-dependent transcription was demonstrated 

for several human promoters in vitro (e.g. Burke and Kadonaga 1997; Duttke 2014). This 

notion exemplifies the complexity associated with core promoter motif definition but also 

emphasizes the importance of well-defined consensus sequences, preferentially defined 

across different species. Nevertheless, the increasing availability of genome and 

transcription start site data from diverse species is starting to shed some light on this 

question. Based on current data, one reasonable prediction is that the number of different 

core promoter motifs expanded during evolution. This view would be consistent with the 

observed diversification in transcription initiation complexes. In addition, it seems 
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apparent that promoter modularity increased as more sophisticated body plans emerged. 

For example, over two-thirds of human promoters are described as dispersed (Sandelin et 

al. 2007) while none are reported in yeast (although the exact number of human dispersed 

promoters may be overstated due to the use of steady state RNA sequencing techniques). 

Modularity generally permits higher evolvability as well as regulatory fine tuning 

(Griswold 2006). Together, core promoter motif diversity and modularity promoted 

regulatory flexibility, thereby enabling more sophisticated genome usage 

 

Genome-wide analysis of human transcriptional directionality  

 Divergent transcription from a single promoter region was described as early as 

1969 (Bovre and Szybalsk 1969), yet particularly in eukaryotes, bidirectional or 

divergent promoters were long regarded as an oddity. This changed with the development 

of global sequencing and transcriptome analysis methods. Genome-wide mapping of 

engaged RNAP II highlighted abundant upstream antisense transcription (Seila et al. 

2009) and found only 58% of promoter associated human RNAP II to be engaged in the 

direction of the annotated gene (Core et al. 2012). Similar results were obtained in yeast, 

mice and humans (Preker et al. 2008; Seila et al. 2008; Neil et al. 2009) but not in 

Drosophila (Nechaev et al. 2010; Core et al. 2012). These findings initiated a still 

ongoing discussion whether upstream antisense transcripts have functional importance or 

are a product of “sloppy” transcriptional initiation (e.g. Buratowski 2008). Orekhova and 

Rubstov (2013) suggested that the ability of bidirectional transcription is an inherent 

property of eukaryotic promoters. In this sense, unidirectional transcription is achieved 
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by limiting productive elongation and thus stable transcripts, to one direction of the 

promoter (Orekhova and Rubtsov 2013).  

 We therefore investigated the intrinsic directionality of the basal transcription 

machinery and core promoters in vitro and vivo. The vast majority of core promoters 

were found to be unidirectional (Chapter 5, Duttke et al. 2015) and divergent or 

bidirectional transcription due to initiation from two or more reverse orientated core 

promoters. These findings emphasize the intrinsic directionality of the basal transcription 

machinery. In addition, they highlight accessible core promoter sequences as highly 

potent to recruit the RNAP and initiate transcription. It remains to be explored whether 

the differences in the degree of reverse direction transcripts between Drosophila and 

other species such as humans is due to different stringency for core promoter motif 

recognition. For example, the consensus sequence for the Drosophila initiator is 

‘TC(A+1)KTY’, compared to ‘YY(A+1)NWYY’ in humans (Juven-Gershon and 

Kadonaga 2010). 

 

Conclusions 

 Many past studies have been performed based on the assumption of a largely 

invariant core transcription machinery. More recent studies have challenged this notion 

by describing multiple independent diversifications of the basal transcription factors, core 

promoter motifs and system factors (e.g. Deato and Tjian 2007; D'Alessio et al. 2009; 

Kadonaga 2012; Kedmi et al. 2014; Duttke et al. 2014; Wang et al. 2014).  It is now 

evident that the core transcription complex is likely not one homogeneous on/off switch, 

but by itself a highly diverse relay station for different regulatory programs. Indeed, there 



59 
 

is no universal core promoter motif (Kadonaga 2012; Siebert and Soding 2014), and 

perhaps there is no truly universal transcription factor either.  

 Different RNA polymerases (I-III) and core promoter motifs often utilize different 

modes of gene regulation. Similarly, dissecting which ‘system factor’ is mediating the 

expression of a gene of interest will facilitate dissecting the different transcription 

systems. The combined knowledge of RNA polymerase, core promoter composition and 

system factors is likely predictive. In this sense, it may be suggested not only subgroup 

promoters by the transcribing RNA polymerases, but also by the mediating system factor.   

 Different species may display varying trends in the utilization of specific 

programs, an apparent trend is an expansion in factors and elements that permit higher 

regulatory diversity. This expansion also correlates with the emergence of more 

sophisticated body plans. But is it causative? For example, the evolution of an additional 

TRF2-dependent (TBP-independent) RNAP II transcription system was closely followed 

by an excessive radiation in species diversity and a remarkable gain in organismic 

complexity: the transition from two to three germ layers (Duttke et al. 2014). While the 

actual role of TRF2 in this excessive radiation is yet unclear, the promoters of many 

developmental genes including the HOX genes and others involved in differentiation are 

bound by TRF2 in Drosophila (Duttke et al. 2014). But, as yet, global studies across 

several species are missing to satisfactorily answer this question. 

 The availability of more diverse and better annotated genomes and transcription 

data sets will soon permit a more global analysis of the sequences and factors that 

mediate gene regulation. These studies will likely find a better correlation with 

organismic complexity than the simple count of encoded genes. Doubtless, it will also 
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provide exciting insights into the diversification of the gene regulatory complex during 

evolution.  
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