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Abstract 

Activation of the transcription of genes is central to many processes of adaptation and 

differentiation in bacteria.  Here, I review the molecular mechanisms by which transcription factors 

can activate the initiation of specific transcripts at bacterial promoters. The story is presented in the 

context of Marjory Stephenson’s pioneering work on enzymatic adaptation in bacteria, and sets the 

different mechanisms in the greater context of how transcription regulatory mechanisms evolved.  
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Introduction 

Most bacteria rely heavily on transcription activation to ensure the regulated expression of key 

genes. Here, I will give an overview of research in laboratories worldwide that has sought to 

understand the molecular mechanisms behind this process. Memorial lectures give the opportunity 

to present a story and connect it to the past. For transcription activation, and the Marjory 

Stephenson Lecture, this is an easy task. I shall try to show that, to reach a full understanding of 

transcription activation (or, in fact, any biological phenomenon), one needs to take a historical 

perspective.  

Marjory Stephenson was a staff member in the Department of Biochemistry at the University of 

Cambridge for nearly 30 years, up to her death in 1948. Her major achievements concerned the 

identification of various microbial enzyme-mediated reactions in cell free extracts, and her findings 

laid the foundations for our subsequent understanding of microbial metabolism [1]. In addition, she 

noted that, for many of the enzymes that she studied, their activity depended critically on the 

growth conditions of the host microbe. The biological significance of this, which became known as 

‘enzymatic adaptation’, was easy to appreciate, but understanding the molecular mechanism posed 

a tougher problem, and this became a major aim of Jacques Monod’s research from 1940 onwards 

at the Pasteur Institute in Paris. It is worth noting that Monod’s starting hypothesis for the 

Escherichia coli lactose (lac) operon was that the adaptation occurred at the level of the enzyme 

β-galactosidase, as its activity increases when cells are grown in a lactose-containing medium. 

However, Monod, working with his mentor Andre Lwoff, and colleague, Francois Jacob, came to 

realise that, in this case, adaptation took place at the level of the initiation of transcription. The tale 

of this Nobel Prize-winning work has been told many times [2], and includes the establishment of 

the operon model, where groups of bacterial genes are transcribed together, starting at a 

promoter, that can be regulated by a repressor that responds to an environmental signal. Thus, the 
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E. coli lac operon repressor (LacI) was the first of thousands of transcription repressors to be 

identified, and this was followed shortly after by the discovery that some promoters are regulated 

by an activating factor rather than a repressor. Our current understanding is that most strains of E. 

coli contain hundreds of transcription repressors and activators and, together, they make up an 

effective network supporting enzymatic adaptation [3]. At many promoters, regulation is due to the 

combined action of several transcription factors. Hence, at the promoter that drives the expression 

of the E. coli lac operon, transcript initiation is controlled by both a repressor (LacI) and an activator 

(the cyclic AMP receptor protein, CRP, also known as CAP or CGA). Both have been the subject of 

intensive research and much of what we understand about transcription activation and repression 

has emerged from their study [4, 5]. Here I focus on the mechanism of activation.  

Transcript initiation in bacteria and its activation 

Bacterial transcripts are synthesised from nucleoside triphosphate precursors by the multisubunit 

DNA-dependent RNA polymerase (RNAP). The crucial subunit in orchestrating transcript initiation at 

promoters is the sigma subunit that consists of independently folding domains (numbered 1-4) 

joined by flexible linkers, with each domain playing a different role [6]. Promoter recognition is the 

first step in transcript initiation and this involves the interaction of sigma Domain 3 with the 

promoter extended -10 element, and sigma Domain 4 with the promoter -35 element (Figure 1). At 

some promoters, further interactions between the C-terminal domains of the RNA polymerase 

alpha subunits (αCTD) and upstream sequences also contribute to the formation of the initial 

complex between RNAP and promoter DNA. This is known as the ‘closed complex’ because the two 

strands of the DNA duplex in the promoter remain base-paired. For transcript initiation to occur, 

the promoter DNA strands around the transcript start must be separated to position the template 

strand in the catalytic site of the RNAP. To assure this, Domain 2 of the RNAP sigma subunit drives 

local DNA strand separation by making specific interactions with the non-template strand of the 

promoter -10 element [7-9]. This results in the promoter DNA template strand being able to access 

the RNAP catalytic site, where it is positioned by a combination of other interactions, so that 

template-directed joining of the two initiating nucleoside triphosphates occurs. This RNAP-

promoter complex, known as the ‘open complex’ is a prerequisite for promoter-driven transcript 

formation. Both open and closed complexes are a nexus for regulation involving both transcription 

factors and ligands, so, for example, many repressors (such as LacI) simply block RNAP access to key 

promoter elements. The crucial point is that most sigma factors are competent to enable transcript 

initiation by RNAP at promoters because, in the closed complex, sigma Domain 2 is positioned so 

that it can spontaneously drive open complex formation (the exception is with sigma factors related 

to Sigma-54, see later).  

The situation, however, is more complex for promoters where transcript initiation depends on an 

activator protein. At these promoters, RNAP is unable to initiate transcript formation due to a 

shortcoming, usually either in the formation of the closed complex or the positioning of sigma 

Domain 2, so that a stable open complex is unable to form. Early experiments suggested that many 

activator-dependent promoters possessed elements whose base sequence corresponds poorly to 

the consensus, and this led to the contention that activators compensate for ‘defects’ in the base 
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sequences at target promoters. Hence activators might work by inducing a conformation change in 

promoter DNA to facilitate its interaction with RNAP, or by contacting RNAP directly resulting in its 

recruitment to or stabilisation at the target promoter [10].  This issue was first resolved from 

studies with E. coli CRP at the lac promoter.  

Early studies had shown that CRP binding to target sites was dependent on triggering by the ligand 

cyclic AMP (cAMP), and that the cAMP-CRP complex was necessary and sufficient for RNAP to 

initiate transcription at the E. coli lac operon promoter [11]. A high resolution structure of DNA-

bound cAMP-CRP showed that binding induced a sharp bend at target DNA, suggesting that 

activation might be driven by induced DNA distortion [12]. However, the discovery of mutations in 

the crp gene, which resulted in single amino acid substitutions in CRP that stopped activation at the 

lac promoter, without affecting CRP expression, CRP folding, cAMP binding or DNA binding and 

bending, argued that DNA distortion was not sufficient for activation. The observation that these 

substitutions clustered at a single locus, a β-turn on the CRP surface, just adjacent to the DNA-

binding helix-turn-helix, identified a surface determinant (known as Activating Region 1, AR1) that 

was later shown directly to interact with a cognate determinant in αCTD [13]. The cAMP-CRP 

complex is functional as a dimer, but, for transcription activation at the E. coli lac promoter, AR1 

function is required only in the ‘downstream’ CRP subunit (Figure 2). Structural analyses of the 

interactions of cAMP-CRP and αCTD at the lac promoter argue that the CRP-RNAP interaction 

appears to act as ‘Velcro’ and no major conformation change in either partner occurs [14-16]. 

Hence, the AR1-αCTD interaction serves to recruit RNA polymerase to the lac promoter, thereby 

positioning the RNAP sigma factor such that it is suitably placed to drive open complex formation.  

Class I and Class II activation 

At the E. coli lac promoter, the DNA site for CRP is centred between base pairs -61 and 62 upstream 

from the transcript start, and thus AR1 of the downstream subunit of CRP interacts with αCTD that 

is ‘sandwiched’ between CRP and Domain 4 of the RNAP sigma subunit [16, 17]. A similar 

mechanism was proposed for other CRP-dependent promoters where the DNA site for CRP was 

located further upstream [13]. At these promoters, it is proposed that the flexible linker joining the 

RNAP alpha subunit’s N-terminal (αNTD) to αCTD facilitates the same AR1-αCTD interaction. 

However, at many CRP-dependent promoters, the DNA site for CRP is closer to the promoter and is 

adjacent to the promoter -35 element, precluding a mechanism whereby the downstream subunit 

of the CRP dimer could interact with αCTD. Genetic and biochemical analysis showed that, at these 

promoters, two alternative activating regions in the downstream CRP subunit, known as Activating 

Region 2 (AR2) and Activating Region 3 (AR3), make direct interactions with αNTD and sigma 

Domain 4 respectively [13, 15]. Moreover, at many such promoters αCTD binds upstream of the 

CRP dimer and interacts with the upstream subunit via AR1 (Figure 2).  

The study of different CRP-dependent promoters reveals two distinct modes of activation, often 

referred to as Class I and Class II [15-18]. At promoters where CRP binds upstream of the different 

promoter elements, activation involves interaction between AR1 in the downstream submit of the 

CRP dimer and αCTD (Class I). At promoters where bound CRP abuts the promoter -35 element, 
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activation can involve AR2 and/or AR3 in the downstream subunit of the CRP dimer and AR1 in the 

upstream subunit (Class II). Studies with other systems showed that these modes apply to many 

other transcription factors, including other members of the CRP family of transcription factors, and 

members of the AraC family. Other transcription factors function either by a Class I mechanism or 

by a Class II mechanism, but, unlike CRP, are unable to do both [19]. For any factor, its potential to 

activate promoters with different architectures appears to depend on its activating regions.  

It is especially interesting to compare E. coli CRP with E. coli FNR, which is responsible for 

transcription activation in response to oxygen starvation and shares sequence and structural 

features with CRP [20]. Although equivalents of AR1, AR2 and AR3 can be identified in FNR, AR3 is 

the dominant activating region, unlike for CRP where AR1 and AR2 dominate, with AR3 playing but 

a minor role. Thus, in E. coli, most FNR-dependent promoters have a Class II architecture.  

The discovery of the simple Class I and Class II mechanisms of activation provide an explanation for 

the organisation of many more complex promoters where activation is co-dependent on two 

different transcription factors [19, 21]. Hence, in many cases, one factor functions by a Class I 

mechanism whilst the other uses the Class II option with the molecular Velcro contributed by each 

activator being pooled to assure RNAP recruitment. At other promoters, co-activation is assured by 

two Class I activators (Figure 2). Hence, activating regions appear to have evolved as determinants 

on the surface of transcription factors in order to equip these factors to manage activation by RNAP 

recruitment at promoters with particular architectures. 

Activation by anti-repression  

An alternative mechanism of transcription activation was discovered from analysis of the E. coli nir 

operon promoter that regulates the expression of an NADH-dependent nitrite reductase [22]. 

Transcription of this operon is triggered by two signals, oxygen starvation, mediated by FNR, and 

the presence of nitrate or nitrite ions, mediated by NarL, a typical Response-Regulator family 

transcription factor. FNR was shown to bind to a single target site, abutting the promoter -35 

element, and found to activate the nir operon promoter by a Class II mechanism, whilst NarL was 

shown to bind to a single target site upstream. Although, nir operon expression is totally dependent 

on NarL, the deletion of DNA sequences upstream of the DNA site for NarL relieved the 

requirement for NarL and resulted in a simple Class II FNR-dependent promoter. This led to the 

model (Figure 3) in which upstream-bound nucleoid-associated proteins (NAPs, in this case IHF and 

Fis) suppress FNR-dependent activation and the role of NarL is to counteract this suppression [23]. 

Our studies identified two DNA sites for IHF and showed that NarL displaces IHF from the promoter-

proximal site (IHF-I). Similar activation by displacement of NAPs, or other repressors, has now been 

found at many locations, for example, in reversing gene silencing by H-NS [24]. 

NAPs are found in all bacteria and play an essential role in compacting bacterial DNA by bending 

and bridging mechanisms [25]. Just as for eukaryotic nucleosomes, it is easy to see how they have 

an overall negative effect on transcription. As bacteria evolved, and genome sizes grew, a balance 

must have developed between the conflicting needs of compacting genomic DNA and transcribing 
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it into RNA. Since both DNA compaction and DNA transcription are essential requirements for any 

bacterium (in contrast to transcription regulation that is optional), one can imagine an early 

bacterial world without much regulation, and the scene was thus set for ‘ancient’ transcription 

activation by certain proteins evolving to induce transcription by locally disrupting NAP-mediated 

DNA folding.  

Detailed analysis of the action of IHF at the E. coli nir operon promoter has shown that, whilst IHF 

binding to the promoter-proximal IHF-I site is inhibitory, IHF binding to the promoter-distal IHF-II 

site stimulates promoter activity [26, 27]. This unexpected observation shows that, although most 

NAP binding is inhibitory for transcription, binding of certain NAPs at certain locations can be 

activatory at specific promoters.  

Transcription activation in bacteria: the big picture 

The crucial observation that it is Domain 2 of sigma factors that orchestrates the local opening of 

DNA at transcript start sites, which enables transcript initiation by RNAP, means that the overriding 

aim of any mechanism to positively promote transcript initiation at a promoter will be to position 

Domain 2 correctly with respect to a potential -10 element. Activators have evolved to facilitate this 

either by simply pushing NAPs, or other repressors, out of the way in order to free up promoter 

elements that can then be served by the RNAP, or by interacting with RNAP so as to hold it in place 

at the target promoter such that sigma Domain 2 is correctly positioned. Studies with CRP 

uncovered the Class I and Class II mechanisms for doing this, and a further way is seen at promoters 

dependent on MerR family activators where binding of the activator induces conformational 

changes in the promoter DNA that adjust the juxtaposition of the promoter 35 and -10 elements, 

again to assure correct positioning of sigma Domain 2 [28]. None of these mechanisms involve 

major conformational changes in either the activator or the RNAP as they are focussed on delivery 

of RNAP to the promoter [14-18]. However, these mechanisms are insufficient for activation at 

promoters that are served by RNAP that carries a sigma factor belonging to the Sigma-54 family. 

Recall that the vast majority of sigma factors are related to the E. coli housekeeping sigma factor, 

Sigma-70, and are equipped with a functional Domain 2, but most bacteria also carry a sigma factor 

related to E. coli Sigma-54, which is completely unrelated to Sigma-70, with a different domain 

structure [29]. Whilst RNAP carrying Sigma-54, or any related sigma factor, is able to recognise and 

bind at target promoters, it is unable independently to orchestrate open complex formation and 

transcript initiation (in contrast to RNAP containing a sigma factor related to Sigma-70). It has long 

been known that promoters served by RNAP containing Sigma-54 require special activators known 

as Enhancer Binding Proteins (EBPs). These activators contain a domain that couples ATP hydrolysis 

to drive interactions with RNAP-bound Sigma-54 at target promoters which result in open complex 

formation. Structural studies have now confirmed that Sigma-54 and Sigma-70 have little in 

common, shown that certain  Sigma-54 domains actively impede open complex formation, and 

suggested that ATP-driven interactions between EBPs and RNAP at target promoters remodel the 

Sigma-54 thereby enabling transcript initiation by RNAP [30-33]. This ‘active’ mechanism for 

transcription activation contrasts with the ‘passive‘ recruitment mechanisms at promoters served 
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by RNAP carrying a sigma factor related to Sigma-70 (Figure 4). However, at some Sigma-54-

dependent promoters, in addition to an EBP, other activators may be required to assist recruitment 

of RNAP to the closed complex.  

The discovery that some NAPs are competent for Class I or Class II activation at certain promoters 

argues that many (if not most) transcription factors may have evolved from NAPs and this 

argument is bolstered by the observation that many transcription factors display properties 

associated with NAPs [34]. A key finding, which resulted from a study of CRP binding across the E. 

coli K-12 chromosome using chromatin immunoprecipitation (ChIP), was that most binding targets 

for CRP are not associated with Class I or Class II transcriptional regulation [35]. Taken together 

with the high abundance of CRP in many E. coli strains, and CRP-induced DNA bending, it is easy to 

speculate that the original role of CRP was as a NAP, and its activation function at certain target 

promoters evolved later with the evolution of its activating regions. In another example, of the 20 

documented binding targets for RutR in E. coli K-12, only one is associated with transcriptional 

regulation [36]. Hence, it is plausible that an ‘ancient’ era of transcription activation simply by 

disrupting NAP-mediated repression, was followed by a ‘modern’ era of NAP-derived transcription 

factors with activating regions (Figure 5). 

Postscript: the rise and rise of bacterial Sigma-70-like factors 

Whilst RNAP in each of the three kingdoms of life uses essentially the same mechanism to 

synthesise DNA-templated RNA, different strategies are used in each kingdom to manage site-

specific initiation [37]. The seductive simplicity of the Operon Model belies that fact that these 

strategies have evolved, presumably from a starting scenario where de novo RNA synthesis initiated 

at random locations. The domain structure of sigma factors related to Sigma-70 tells us that the 

‘winning’ strategy in bacteria involved both the recognition of specific sequence elements (using 

Domains 3 and 4) and local unwinding and sequestration of the non-template strand (using Domain 

2). Remarkably, Sigma-54 uses different determinants both to recognise sequence elements at 

target promoters (Figure 4), and to drive local unwinding, and recent structural data suggest that 

the mechanism of unwinding involves separation of the two strands of the DNA duplex by a long 

helix acting a ‘crowbar, rather than by sequestration of the non-template DNA strand [33]. In any 

case, the existence of alternative sigma factors related to Sigma-54 argues that evolution could well 

have tried many different ways to engineer site-specific transcript initiation, and maybe some of 

these are yet to be discovered. One can speculate that the persistence of Sigma-54-like factors in 

the face of the dominance of the Sigma-70 family is because of their near absolute dependence on 

an EBP activator, and such tight regulation must have conferred the advantage necessary for their 

survival. One of the major plusses of site-specific transcript initiation for any gene or set of genes is 

that it sets the scene for the evolution of gene specific regulation, involving either activators or 

repressors. Perhaps the most striking lesson to be learned from considering the action of different 

bacterial transcription factors is how distinct mechanisms evolved in response to the different steps 

of the transcription cycle, and according to the sigma factor involved. 
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Figure Legends 

Figure 1: Bacterial promoter elements and their recognition during transcript initiation 

a: Sketch showing the organization of different promoter elements at a model bacterial promoter 

with respect to the transcript start that is denoted by ‘+1’. Elements are denoted by coloured 

rectangles with their consensus sequence motifs indicated. ‘Dis’ and ‘CRE’ denote the discriminator 

and core-recognition elements respectively. Note that bacterial promoters usually contain a 

selection of these elements but rarely contain all of them [28]. 

b: Sketch illustrating the key interactions between different domains of the RNAP sigma and alpha 

subunits and different promoter elements in the initial “closed” complex at a promoter. Note that 

the DNA duplex remains double-stranded and that the contacts result in Sigma Domain 2 being 

positioned adjacent to the promoter -10 element. Sigma Domain 1 prevents DNA template access 

to the RNAP active site. 

c: Sketch illustrating the key interactions between different RNAP determinants and promoter 

elements in the transcriptionally-competent “open” complex at a promoter. The template strand is 

shown in yellow, and the non-template strand is in blue. Note that the DNA duplex around position 

+1 is unwound, with Sigma Domain 2 making specific base contacts with the single-stranded non-

template strand of the promoter -10 element, thereby permitting the single-stranded template 

strand to enter the RNAP active site, which has become accessible due to movement of Sigma 

Domain 1. 

 

Figure 2: Different architectures at bacterial activator-dependent promoters 

Each panel illustrates the architecture of an Activator-RNAP-promoter DNA complex responsible for 

transcript initiation. RNAP is drawn as an oval with the 4 domains of the sigma subunit indicated by 

4 segments of a smaller oval (shaded light blue). The two RNAP alpha subunit N-terminal and C-

terminal domains, each joined by a linker, shown as a black line, are shown separately (αNTD, pale 

blue circles, and αCTD, pale blue ovals with yellow centres).  

a: in Class I activation, the activator (shown by yellow circles to indicate a dimer) binds upstream 

and interacts (red dot) with αCTD to recruit RNAP to the promoter.  

b: in Class II activation, the activator (shown by blue circles to indicate a dimer) binds adjacent to 

the promoter -35 element and interacts with determinants in RNAP  (lilac dot) to recruit RNAP to 

the promoter.  

c: a Class I activator (yellow) and a Class II activator can work together to recruit RNAP to the 

promoter.  

d: two Class I activators (yellow and pink) can work together to recruit RNAP to the promoter. Each 

make Class I interactions (red dots). 
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Figure 3: NarL-dependent activation by anti-repression 

The sketch illustrates the complex interactions at the E. coli nir operon promoter that result in co-

dependence on FNR (dimer shown as dark blue circles, binding to its DNA target shown as dark blue 

horizontal arrows) and NarL (dimer shown as yellow circles, binding to its DNA target shown as 

yellow arrows). The nir operon transcript start is denoted by +1 and upstream binding site locations 

are denoted as –n, where n is the centre of the site. 

a: the nir promoter is dependent on activation by FNR that acts via a Class II mechanism (see Figure 

2b). Activation by FNR is suppressed by upstream bound nucleoid associated proteins, Fis (bound to 

a target at position -142) and IHF (bound to the IHF-I target at position -88). IHF bound at a second 

upstream target (IHF-II at position -115) stimulates FNR-dependent activation.  

b: NarL binding (in response to the presence of nitrite or nitrate ions) displaces IHF from the IHF-I 

site, thereby relieving the suppression of FNR-dependent activation of the nir promoter.  

 

Figure 4: Contrasting mechanisms of activation at bacterial promoters dependent on sigma-70 

and sigma-54 

RNAP carrying sigma-70 or sigma-54 is illustrated as in Figure 2. 

a: Activator-dependent recruitment of RNAP to a target promoter (as in Figure 2a) leads to open 

complex formation as in Figure 1c. 

b: RNAP carrying sigma-54 forms a closed complex due to binding of promoter -12 and -24 

elements by different sigma determinants. Isomerisation to the open complex requires the action 

of an Enhancer Binding Protein (EBP, red ovals, bound to its target Upstream Activating sequence, 

UAS, red rectangle). EBP-catalysed ATP hydrolysis drives the reorganisation of sigma-54 for open 

complex formation. At many EBP-dependent promoters, EBP action is facilitated by DNA bending 

induced by the binding of nucleoid asscociated protein, IHF (blue striped circles).  

 

Figure 5: Proposed evolution of bacterial transcription factors from nucleoid associated proteins. 

The figure (adapted from [34]) illustrates a hypothetical timeline of evolution: 

a: Nucleoid associated proteins (maroon and green ovals) organize the bacterial chromosome by 

binding ubiquitously and compete with RNAP. 

b: Some nucleoid associated proteins (maroon ovals) acquire tight binding affinity for specific DNA 

targets (grey ovals illustrate dimers binding to grey boxes that depict operator sequences). This 

results in repression of certain promoters.  
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c: Some of the proteins bound at specific targets (pink dimers) acquire signal-responsive sensor 

domains (also shown in pink) that permits certain promoters to be derepressed by a signal. 

d: Both ligand-sensitive and ligand-insensitive factors acquire surface exposed determinants (red 

dots) that can recruit RNA polymerase to promoters. 
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