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Abstract

Transcription initiation was once thought to be regulated primarily by sequence-specific 

transcription factors with the basal transcription machinery being largely invariant. Gradually it 

became apparent that the basal transcription machinery greatly diversified during evolution and 

new studies now demonstrate that diversification of the TATA-binding protein (TBP) family 

yielded specialized and largely independent transcription systems.
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Main Text

Neither gene number nor genome size correlates with organismic complexity. Rather, it is 

the ability to express genes at particular times in distinct tissues that enables differentiation 

and adaptation. The diversity in gene regulatory processes is reflected in the manifold life 

forms we marvel at today.

Transcription is the initial step in gene expression and to date, most well-known examples 

for the evolution of transcriptional regulation are provided by sequence-specific 

transcription factors such as Hox proteins. The basal transcription machinery itself has long 

been regarded as universally conserved with a passive role in gene regulation. However, 

gradually it became apparent that the basal transcription machinery diversified during 

evolution.

The size and subunit composition of the basal transcription machinery drastically increased 

during the course of evolution, containing about 6 subunits in Bacteria, up to 15 in Archaea 

[1], and substantially more in Eukarya, which encode at least three different RNA 

polymerases (RNAPs, reviewed in [1]). All eukaryotic polymerases emerged from a 
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common ancestor, a notion reflected in their structural and functional conservation 

(reviewed in [2], [3]). The RNAP II transcription apparatus is the likely most closely related 

to the one found in Bacteria and Archaea. It contains approximately 45 subunits in yeast and 

humans (Figure 1A), not including transcriptional co-activators like the mediator. As all 

signals regulating the initiation of gene expression are ultimately integrated by the basal 

transcription machinery, it might be imagined that its alteration could provide an important 

means for regulatory diversification.

The bacterial basal transcription machinery consists of the five RNAP core subunits and one 

of several promoter specificity ơ-factors. Escherichia coli has six alternative ơ-factors, 

Bacillus subtilis 18, and Streptomyces coelicolor an astonishing 63. The expansion of ơ-

factors in S.coelicolor, an unusual soil bacterium with a broad range of metabolic processes 

and ‘multicellular development with distinct tissues’ [4], provides a bacterial example for 

how more intricate gene regulation enabled adaptation and a relatively complex life style.

In Archaea and Eukarya, promoter specificity is mediated by the basal transcription factors. 

The basal eukaryotic RNAP II factors include TF-IIA, -IIB, -IID, -IIE, -IIF and IIH, with 

TFIID serving as the anchor [5]. The canonical TFIID complex is composed of the TATA-

binding protein (TBP) as well as 8-14 TBP-associated factors (TAFs) [6]. TFIID binds 

specific core promoter elements and chromatin modifications. Most notably, TAF1/2 

interact with the Initiator motif, TBP with the TATA box and TAF6/9 with the downstream 

promoter element (DPE) [5]. In Archaea, recruitment of RNAP is facilitated by TFB, TBP 

and often TFE [1]. Systematic analyses of archaeal genomes indicate the absence or 

orthologs to TFIIA, TFIIF, and TFIIH. Comparison of the transcription machineries among 

the three domains of life - Bacteria, Archaea and Eukarya, also reveals a diversification in 

basal transcription factors (Figure 1A). Within the Eukarya, the transcription complexes may 

appear to be similar. Nevertheless, as exemplified by the machineries of the unicellular 

eukaryote yeast and mammals, there are at least two notable differences. First, the number 

and subunit composition of transcriptional co-activators increased during metazoan 

evolution. Second, TBP-related factors (TRFs) and specialized TBP-associated factors 

(TAFs) emerged, and with them, non-canonical TFIID complexes.

The TATA-binding protein (TBP) is an integral part of all eukaryotic and archaeal 

transcription machineries [1,5,7]. Duplications of the TBP gene have occurred several times 

during evolution yielding paralogs, so far only known in Eukarya [6,7]. Three recent studies 

now report distinct functions for the TBP family member TRF2 in mediating transcription 

initiation [7-9], and therefore the existence of at least two largely independent RNAP II 

transcription systems. The observation that TBP family proteins support distinct and largely 

independent transcription programs led to the proposal that they be referred to as ‘system 

factors’ [7]. Intriguingly, the concept can further be expanded to other RNAPs and TBP 

family members.

The first TBP-related factor discovered, TRF1, is found in some insects and mediates RNAP 

III-dependent transcription of the tRNA genes. Transcription from most other RNAP III 

genes, such as the U6 spliceosomal RNA, is TBP-dependent [10]. In addition, TRF1 has 

been shown to mediate RNAP II transcription of the Drosophila tudor gene, but its general 
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role in RNAP II transcription remains largely speculative. TRF2 emerged immediately prior 

to the evolution of the bilateria and is crucial for development, cell cycle progression, and 

cell differentiation in worms, flies, frogs and fish. Mice lacking TRF2 display normal 

development but are infertile due to defects in spermatogenesis (summarized in [6,7]). TRF2 

does not bind the TATA box, likely due to the loss of three highly conserved phenylalanines 

that are essential for kinking the DNA and ultimately anchoring TBP [7]. Indeed, TRF2 

appears to be the only TBP-paralog that depends on its associated factors for localization. 

Such factors likely include coactivators and basal factors like TFIIA and TFIIB or TFIID 

(particularly TAF6/9, TAF7L). TRF2 is required for the initiation of transcription from TCT 

core promoter motif-dependent genes [8] and is a preferential regulator of DPE-containing 

core promoters in Drosophila [9]. It is further required for the initiation of transcription from 

certain core promoters lacking currently known core promoter motifs like the Drosophila 

histone H1 gene or the terminal deoxynucleotidyl transferase (TdT) gene in chicken, 

suggesting the existence of other, currently unknown TRF2-dependent transcription systems. 

The third TRF, TRF3, is conserved among vertebrates but does not appear to occur in 

jawless fish (Gnathostomata, Duttke SHC, Doolittle RF and Kadonaga JT unpublished 

data), which may suggest that it fulfils a special role in jawed vertebrates. TRF3 binds the 

TATA box and is highly homologous to TBP but its functional separation from TBP is yet 

incompletely understood. However, it appears that TRF3 plays an important role in 

mediating the expression of vertebrate-specific embryonic genes, particularly in ovaries [6]. 

It remains to be to be shown whether TRF2/3 are also involved in mediating RNAP III-

dependent transcription.

In this sense, RNAPs with different TBP-family proteins present different transcription 

systems (Figure 1B), similar to ơ-factors in Bacteria. This subdivision of transcription 

systems increases the regulatory potential and may have allowed proliferating and 

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

regulatory constraints during development.

In conclusion, many past studies have been performed based on the assumption of a largely 

invariant basal transcription machinery, a notion that is challenged by the previous discovery 

of alternative basal transcription factors [6] and now through the identification of multiple 

distinct basal transcription complexes [7]. The identification of distinct basal transcription 

machineries complements previous studies (reviewed in [5]) describing enhancers 

specifically promoting transcription for one core promoter type (e.g. TRF2-dependent 

transcription) but not another (e.g. TBP-dependent transcription). The evolution of diverse, 

and, at times, specialized transcription machineries argues against the basal transcription 

machinery being a homogeneous on/off switch, but rather a highly diverse relay station for 

different regulatory programs, enabling an additional level in gene regulation.
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RNAP RNA polymerase

TBP TATA-binding protein

TF transcription factor

TRF TBP-related factor
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Figure 1. 
Diversification of the basal transcription machinery and the evolution of ‘System Factors’. 

(A) Subunit composition of the basal transcription machineries in the three domains of life. 

The number and composition of basal transcription factors increased during evolution. 

Subunit numbers are given in “[]” and the number of gnomically encoded alternative factors 

is in “()”. (B) TATA-binding protein (TBP) family proteins guide different RNA polymerase 

transcription programs (dashed boxes) and thereby further subgroup the polymerases in 

distinct and largely (but not entirely) independent transcription systems [7]. † Note: TRF1 is 

specific to some insects while TRF3 emerged in jawed animals.
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