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Abstract 

Bacterial gene expression relies on promoter recognition by the DNA-dependent RNA 
polymerase and subsequent initiation of transcription. Bacterial cells are able to tune their 
transcriptional programmes to changing environments through numerous mechanisms that 
regulate the activity of RNA polymerase, or change the set of promoters to which the RNA 
polymerase can bind. In this Review, we outline our current understanding of the different 
factors that direct the regulation of transcript initiation in bacteria, whether by interacting 
with promoters, with RNA polymerase, or with both, and we discuss the diverse molecular 
mechanisms used by these factors to control gene expression. 

 

Introduction 

In any bacterium, at any moment, there is enormous variation in the expression of 
individual genes. Furthermore, expression of many genes is subject to variation in response 
to environmental change. Such regulation of gene expression is crucial for the overall fitness 
of the bacterial cell. For most genes in most bacteria, the key regulatory step modulating 
gene expression seems to be promoter recognition and transcript initiation by RNA 
polymerase1. RNA polymerase core enzyme consists of the large β and β' subunits, two α 
subunits and the small ω subunit (Figure 1a). Each α subunit consists of independently 
folded N-terminal and C-terminal domains that are joined by a flexible linker. The β and β' 
subunits are assembled by binding to the N-terminal domains of the α subunits, and form a 
cleft that contains the active site, whereas the ω subunit is primarily a chaperone for the β' 
subunit. However, although competent for DNA-dependent RNA synthesis, the core enzyme 
is unable to recognize promoters or to initiate transcription without the assistance of one of 
a set of additional proteins, the sigma factors. The complex formed by the binding of a 
sigma factor to core enzyme is known as RNA polymerase holo enzyme and is able to 
orchestrate transcript initiation from specific promoters2. Interactions with the promoter 
position the RNA polymerase holo enzyme such that it unwinds the double-stranded DNA in 
the region of the transcript start site. Positions +1 and +2 of the unwound template strand 
(corresponding to the 5’ end of the RNA transcript) are then able to enter the active site to 
form the transcriptionally-competent open complex3-7. Subsequent to initiation, the 
transcription cycle proceeds with escape, elongation and termination steps (Figure 1a), 
which have been extensively documented and reviewed elsewhere8-11. 

Bacterial promoters contain several discrete sequence motifs, including the -35 element, the 
extended -10 element, the -10 element and the discriminator region, which are recognized 
by the sigma factor, and the UP element, which is recognized by the C-terminal domains of 
the α subunits (Figure 1b; Box 1)1-3. All bacteria contain one predominant essential sigma 
factor, known as the housekeeping sigma factor (such as σ70 in Escherichia coli, also known 
as RpoD), which is responsible for recognizing most promoters2. These housekeeping sigma 
factors are composed of 4 structural domains that are connected to one another by flexible 
linkers. In the RNA polymerase holo enzyme, the sigma factor binds to the subunits of the 
core enzyme, such that each domain of the sigma factor is positioned to interact with a 
specific promoter element2,3. Contacts involving Domains 3 and 4 of the sigma factor seem 
to have the major role in the initial positioning of the RNA polymerase, whereas Domains 1 
and 2 of the sigma factor drive the formation of the open complex (Figure 1a)2-7,12. A further 
function of housekeeping sigma factors, mediated by Domain 1, is to ensure that DNA 
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cannot enter the active site until the RNA polymerase is bound to a promoter, which 
triggers a conformational change that permits DNA access to the active site13-15.  

Transcription initiation can be regulated at the level of RNA polymerase holo enzyme 
formation, promoter recognition by RNA polymerase, or RNA polymerase activity, all of 
which can be mediated by a variety of factors. These regulatory mechanisms can either 
modulate the function of RNA polymerase itself, or can modulate the accessibility or affinity 
of promoters for RNA polymerase. In this Review, we discuss the different layers of 
regulation for each of these targets, focusing on the factors and mechanisms on which they 
rely. Although we mainly describe findings from Escherichia coli and other model bacterial 
species, we also consider regulation in non-model bacterial species, and we suggest that 
understanding the diversity of these mechanisms may shed light on the parallel evolution of 
other strategies for gene regulation. 

 

RNA polymerase-centred regulation  

Many factors interact directly with bacterial RNA polymerase to influence its activity at 
different promoters. These include sigma factors and a host of other proteins and ligands 
that regulate either the formation of RNA polymerase holo enzyme or its activity or 
promoter preferences. 

Sigma factors 

The role of sigma factors is to guide the positioning of RNA polymerase molecules at 
promoters and then to orchestrate formation of the open complex (Figure 1a). Thus, the 
promoter specificity of RNA polymerase depends on its sigma factor2. Although the 
housekeeping sigma factor recruits RNA polymerase to the majority of promoters, nearly all 
bacteria have one or more alternative sigma factors that guide the RNA polymerase to 
different promoters, providing a simple mechanism for reprogramming transcription to a 
different set of genes2,16. The available evidence suggests that the housekeeping sigma 
factor and alternative sigma factors bind to the same site on the surface of the RNA 
polymerase core enzyme but that, in most conditions, the housekeeping sigma factor is 
more abundant and thus able to outcompete alternative sigma factors15,17-21. However, 
when the abundance of an alternative sigma factor increases, it can then compete with and 
displace the housekeeping sigma factor to reprogramme a subset of RNA polymerase 
molecules22.  

Many alternative sigma factors have a simpler domain structure than housekeeping sigma 
factors2. These fall into a small number of classes, according to their domain structure, and 
one class has just two domains, corresponding to Domain 2 and Domain 4 in housekeeping 
sigma factors23. Another difference between alternative sigma factors and housekeeping 
sigma factors is that housekeeping sigma factors recognise a larger range of target 
sequences, and can be regulated by diverse transcription factors, which results in a range of 
transcriptional outputs, whereas most alternative sigma factors bind to a smaller set of 
promoters, with more stringent sequence specificity, associated with fewer transcription 
factors24-26. A possible explanation for this is that many alternative sigma factors evolved to 
switch on the concerted expression of sets of genes that have stress-responsive functions, 
for which fine-tuning is not required (though there are exceptions27). 



4 
 

The activity of alternative sigma factors can be controlled by several mechanisms, including 
covalent modification, sequestration by cognate anti-sigma factors, their subcellular 
localization, and their rate of synthesis and proteoloytic turnover16,28. In some cases, 
regulation by anti-sigma factors is countered by anti-anti-sigma factors that sequester 
anti-sigma factors in response to a particular trigger, in a process termed ‘partner 
switching’23,28,29. Some anti-anti-sigma factors share structural similarities with the cognate 
sigma factor, which suggests that they have evolved to be mimics30,31. All of these regulatory 
mechanisms combine to form complex regulatory circuits that adjust the number of RNA 
polymerase molecules programmed by a particular alternative sigma factor according to the 
environmental conditions.  

Despite our knowledge of this circuitry, many details of the mechanisms that mediate sigma 
factor exchange are unclear. For example, we are still ignorant of how many alternative 
sigma factors, with weak binding affinities for the RNA polymerase core enzyme, are able to 
recruit sufficient RNA polymerase molecules to have an impact on the transcriptional 
programme22. One well studied case of sigma factor exchange occurs between σ38 (also 
known RpoS) and the housekeeping sigma factor, σ70, in E. coli, in response to certain 
stresses, or at entry into stationary phase20, 21. Displacement of σ70 following an increase in 
the abundance of σ38 is facilitated by Crl32-34, which interacts with σ38, and by Rsd35-37, an 
anti-sigma factor for σ70, which reduces the level of functional σ70, thereby biasing the 
competition between the two sigma factors in favour of σ38. In addition, the small guanine 
nucleotide ppGpp, which undergoes a sharp rise in abundance in response to certain 
metabolic responses, may have a role in the exchange of some sigma factors 38, 39  

Nearly all alternative sigma factors are evolutionarily related to housekeeping sigma factors, 
consisting of 2, 3 or 4 domains that retain common functions in their different contexts2. 
However, most bacteria contain one additional alternative sigma factor that is ‘in a class of 
its own’ and belongs to the family of σ54 sigma factors, which is evolutionarily unrelated to 
other sigma factors40-42. These sigma factors recognize different elements at target 
promoters to other sigma factors, with specificity determined by elements at positions -24 
and -12, rather than -35 and -10. Crucially, unlike the complex formed by σ70, RNA 
polymerase holo enzyme that contains σ54 is unable to proceed to the open complex and 
requires activation by a special class of ATP-dependent activators (see below)42. Recent 
structural data has shown that the site at which the template strand needs to be located for 
open complex formation is blocked by parts of σ54 19. Interestingly, different activators are 
required at different target promoters and, at least in E. coli, levels of σ54 appear to be 
unregulated21. Together, these features of σ54 argue that, in keeping with being in a class of 
its own, σ54 uses a different regulatory strategy to other sigma factors, in that it demits 
regulation of transcript initiation to an activator, instead of regulating transcription initiation 
by its own abundance. 

Other regulators of holo enzyme activity  

The simplicity and ubiquity of regulation by sigma factors has detracted attention from 
numerous other regulatory factors that interact with RNA polymerase (Figure 2). Although 
many of these regulatory factors act at the level of transcript elongation and termination 
(such as Nus factors), and hence are beyond the scope of this Review9, a small number are, 
like sigma factors, regulators of transcript initiation. Some of these regulators are restricted 
to particular groups of bacteria, such as RbpA and CarD, which bind to and stabilize open 
complexes in Actinomycetes43 (Figure 2a). Recent studies show that RbpA binds directly to 
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Domain 2 of the housekeeping sigma factor and is positioned to make direct stabilizing 
contacts with the upstream end of unwound DNA in open complexes44. CarD has a C-
terminal domain that makes stabilizing contacts that are complementary to those made by 
RbpA, which suggests that RbpA and CarD function coordinately, whilst the N-terminal 
domain of CarD interacts with the RNA polymerase β subunit45,46. 

Although E. coli and related Enterobacteriaceae lack RbpA and CarD, these bacteria use 
other factors to modulate the stability of open complexes. For example, the extended 
coiled-coil protein motif in DksA inserts into a narrow channel (known as the secondary 
channel) that leads from the surface of the RNA polymerase to the active site. The insertion 
of DksA, in cooperation with ppGpp, selectively stabilizes open complexes at some 
promoters, but destabilizes open complexes at others, by a mechanism that awaits 
elucidation, but which likely involves a lowering of the energy barrier between the closed 
and open RNA polymerase-promoter complexes47-52. The structure of DksA and its mode of 
binding to the polymerase resemble those of the GreA and GreB transcription elongation 
factors47, 53, and recent studies suggest that DksA, GreA and GreB all function as ‘inspectors’ 
that continually probe the enzyme active site by rapid transient ‘visits’ to the secondary 
channel54-56. Increased levels of ppGpp result from certain metabolic stresses, and the E. coli 
ppGpp–DksA mechanism provides a sigma-free means of responding to these stresses by 
reprogramming the transcriptome52.  

Other factors reduce the number of RNA polymerase molecules available for transcription 
by sequestering the holo enzyme. One example is 6S RNA, a ~180-nt non-coding RNA, which 
is synthesized in response to slow growth, and forms a 1:1 complex with the RNA 
polymerase holo enzyme (Figure 2b)57. In E. coli, 6S RNA is a mimetic for the DNA of 
promoters that are targets for the housekeeping RNA polymerase holo enzyme (that 
contains σ70). As a result, the proportion of functional (that is, non-sequestered) RNA 
polymerase holo enzyme that contains σ38 increases, but the total transcription potential of 
the cell is reduced as the number of ‘free’ RNA polymerase molecules is reduced57. Hence, 
6S RNA appears to work cooperatively with the Rsd anti-sigma factor (see above) to couple 
gene expression to growth, since levels of both increase as cell growth slows37.  

Some bacteriophage encode factors that inhibit the activity of bacterial RNA polymerases to 
favour the activity of their own bespoke RNA polymerases. For example, during infection of 
E. coli cells, the Gp2 protein of ‘phage T7 induces a conformational change in part of Domain 
1 of σ70 that blocks access of template DNA to the active site (Figure 2c)14. By contrast, the 
P7 protein of the related phage Xp10, which infects Xanthomonas oryzae, inhibits the 
activity of RNA polymerase by displacing the sigma factor from the holo enzyme; the 
association of P7 with RNA polymerase is stable, which prevents recruitment of a 
replacement sigma factor to reform the holo enzyme (Figure 2d)58.  

Some regulators of RNA polymerase holo enzyme remodel parts of the polymerase, and are 
known as ‘appropriators’. Similar to alternative sigma factors, their function is to alter the 
promoter preference of the RNA polymerase (Figure 3). The most well studied example of a 
bacteriophage appropriator is the AsiA protein of ‘phage T4, which infects E. coli. As T4 does 
not encode its own RNA polymerase, its invasion strategy is to appropriate, rather than to 
silence, the host RNA polymerase. AsiA is encoded by a gene expressed during the early 
stage of the T4 life cycle, and remodels and repositions Domain 4 of σ70 so that it is unable 
to recognise -35 elements59, 60 and, instead, becomes a target for the T4 MotA transcription 
activator. MotA, which is encoded by early-stage genes, is the essential activator for 
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transcription of genes expressed during the middle stage of the T4 life cycle (Figure 3a)61. In 
this way, AsiA and MotA redirect the housekeeping RNA polymerase holo enzyme from the 
transcription of host genes to the transcription of phage genes. Interestingly, other T4 
proteins, Alt and ModA, also alter the promoter preferences of the host RNA polymerase, by 
ADP-ribosylating residue R265 in the C-terminus of either one or both RNA polymerase α 
subunits. This prevents the RNA polymerase recognizing UP elements and so helps divert 
the polymerase from transcribing host genes to transcribing T4 genes  (Figure 3b)61. 

The two examples of host-encoded appropriators that have been studied in most detail are 
SoxS in E. coli and Spx in Bacillus subtilis. SoxS targets RNA polymerase holo enzyme to 
promoters carrying upstream Sox-box sequences, and is essential for the induction of 
dozens of genes in response to the sensing of oxidative stress by the SoxR repressor, which 
triggers an increase in the abundance of SoxS. Evidence suggests SoxS guides the RNA 
polymerase holo enzyme to target promoters using a ‘pre-recruitment’ mechanism; that is, 
SoxS contacts the DNA-recognition surfaces of the C-terminal domain of each RNA 
polymerase α subunit prior to binding of the SoxS–RNA polymerase holo enzyme complex to 
the DNA62, 63. The SoxS–RNA polymerase holo enzyme complex is unable to recognise UP 
elements but instead recognizes Sox-boxes (Figure 3c)63. Similarly, Spx, in response to 
oxidative stress, binds to the C-terminal domain of each RNA polymerase holo enzyme α 
subunit, and this alters the promoter preference such that certain promoters are favoured 
and others are disfavoured (Figure 3d) 64. Structures of Spx in complex with the C-terminal 
domain of the α subunit suggests that complex formation does not produce any major 
structural change in either Spx or the α subunit65,66. 

Finally, in addition to regulation by proteins, RNA polymerase holo enzyme activity can be 
regulated by fluctuations in the levels of its four nucleoside triphosphate (NTP) substrates. 
Note that the Michaelis constant for the initiating nucleotide is higher than that for 
subsequently added NTPs67; that is, for a given rate of transcription, the required 
concentration of the initiating NTP is higher than that for subsequent NTPs, which means 
that the concentration of the initiating NTP is most crucial to the activity of the RNA 
polymerase. Since, in E. coli, the initiating NTP for rRNA transcripts is ATP, initiation of these 
transcripts is expected to be sensitive to the cellular concentration of ATP, which increases 
as cells leave stationary phase with a concomitant burst of rRNA synthesis68, 69. In contrast, 
in Bacilus subtilis, the initiating NTP for rRNA is GTP, which decreases in abundance when it 
is consumed by ppGpp synthesis. Hence, ppGpp levels in B. subtilis couple metabolism to 
RNA polymerase activity indirectly through corresponding changes to GTP levels70, 71. This 
contrasts with E. coli, where the cooperative action of ppGpp and DksA directly regulates 
the stability of RNA polymerase holo enzyme open complexes (see above)51. 

More complex effects of NTP levels are observed during transcript initiation at E. coli 
promoters that control genes concerned with pyrimidine biosynthesis. At many of these 
promoters, fluctuations in UTP or CTP levels affect transcript stability and translation 
efficiency. This can occur either by changing the location of the transcript start site, or by 
non-templated insertion of extra bases into the nascent transcript72. Since UTP and CTP are 
both pyrimidine-based nucleotides, this form of regulation produces a feedback mechanism 
in which pyrimidine biosynthesis can be adjusted in response to changes in their levels72.  
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Promoter-centred regulation  

Regulation by factors that bind directly to the RNA polymerase is complemented by factors 
that directly target the promoter DNA. Such regulation can be mediated by many different 
mechanisms ranging from supercoiling to transcription factors that simply block access to 
the promoter (Figure 4). In this scenario, first imagined by François Jacob and collaborators 
(Box 2), transcription factors contain structural motifs that bind to promoters containing 
cognate ‘operators’, which are specific sequences of base pairs. The operators for most 
bacterial DNA-binding structural motifs, such as the helix-turn-helix motif, have 4–5 base 
pair targets. Since any given 5-base pair sequence will arise, on average, once every 45 base 
pairs, further specificity is required to target transcription factors only to the desired 
promoters. Such specificity can be achieved using various mechanisms, including 
homodimerization (or higher order multimerization) of the transcription factor, association 
of the transcription factor with another DNA-binding factor, or the incorporation of several 
DNA-binding structural motifs into a single transcription factor. Of these mechanisms, 
dimerization or further multimerization is the most common, and therefore most operators 
contain direct or inverted repeats of a 4–5 base pair sequence.  

The key role of transcription factors is to couple promoter activity to environmental cues, so 
their activity has to be regulated in response to these cues. In many transcription factors, 
regulatory modules mediate DNA binding in response to environmental cues sensed by the 
binding of a small ligand or protein, or covalent modification. The activities of other 
transcription factors depend on their abundance and availability in the cell, which can be 
regulated by synthesis, turnover or sequestration. Although some transcription factors 
regulate only a single promoter, most transcription factors regulate many promoters. In 
addition, at least in E. coli, most promoters are regulated by more than one factor. 
Furthermore, many transcription factors are expressed from promoters that are themselves 
regulated by other transcription factors. All this generates a complex regulatory network, in 
which the concerted activities of specific, global and master regulators orchestrate the 
distribution of RNA polymerase to the various transcription units present in the genome73-76.  

It is important to appreciate that transcription initiation occurs in the context of the 
bacterial nucleoid, and the compaction of the bacterial chromosome that occurs during the 
formation of the nucleoid is thought to have an overall negative effect on promoter activity. 
Therefore, modulation of the local structure of the nucleoid to change the level of 
compaction may result in changes in transcription. Compaction is primarily due to 
supercoiling and to the contortions induced in the DNA by nucleoid associated proteins 
(NAPs), which ‘sculpt’ the bacterial chromosome by bending, wrapping, looping and twisting 
DNA such that it fits inside the bacterial cell77 (Box 3). Many NAPs are abundant and bind to 
a large number of targets sites using a relaxed sequence specificity78-80. By contrast, some 
NAPs, such as Fis and IHF, clearly do have sequence specificity, which enables them to 
mediate promoter-specific effects on the local DNA structure, such that they can be 
regarded as transcription factors81. For example, Fis blocks binding of the housekeeping RNA 
polymerase holo enzyme to the dps promoter in E. coli, silencing the promoter so that it is 
active only in stress conditions82. In parallel, global alterations in supercoiling, which are 
probably mediated by fluctuations in ATP levels, lead to up- and down-regulation at scores 
of promoters; in some cases, this results in local superhelical density changes that modulate 
the transcription activity at specific target promoters83-88. 
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Recent observations that the activities of certain promoters vary according to their precise 
location in the folded bacterial chromosome may be best explained by the suggestion that 
the availability of free RNA polymerase holo enzyme, or at least the degree to which the 
enzyme can access promoter regions, is not the same at every location89. Thus, the 
longstanding assumption that promoter activity in bacteria is determined only by the 
correspondence of sequences of promoter elements to consensus sequences and regulation 
by local transcription factors (Box 1) is an oversimplification.  

Repressing transcription factors  

Several mechanisms have been described for the repression of transcription initiation by 
repressive transcription factors (known as ‘repressors’). At many promoters, repression of 
transcript initiation occurs by simple steric hindrance, in which repressors  bind to operators 
that overlap the -10 or -35 elements of the promoter, and thus block access of RNA 
polymerase to the promoter (Figure 4a)1. Many promoters contain arrays of operators that 
are organized adjacently to each other. For these promoters, a greater number of bound 
repressors usually translates to more efficient repression. At other promoters, the 
simultaneous binding of a repressor to operators that are located distally to one another 
gives rise to a loop in the local DNA structure that prevents binding by RNA polymerase 
(Figure 4a)90. The best documented case of repression by DNA looping is mediated by the 
GalR repressor of the galactose operon in E. coli. The operators that are recognized by GalR 
are located upstream and downstream of the different gal operon promoter elements but 
do not overlap with these elements 90,91. At some promoters, two or more different 
repressor act together, and, mostly, when this happens, the different repressors bind 
independently to their targets. This can lead to very tight repression, such as at promoters 
that control colicin expression92,93. 

At some promoters, repression is more complicated and is mediated by ‘anti-activator’ 
repressors (Figure 4a), which counter the function of activating transcription factors 
(‘activators’, see below). For example, the CytR repressor is as an anti-activator that 
simultaneously interacts with its operator and an adjacent activator, the cyclic AMP 
receptor protein (CRP; also known as catabolite activator protein (CAP)). At some 
promoters, CytR binding requires a combination of CytR–CRP and CytR–DNA interactions to 
prevent binding of RNA polymerase94. 

Another complex scenario is found at promoters where RNA polymerase binds to the 
promoter DNA but the repressor interacts directly with bound RNA polymerase to mediate 
repression. For example, the p4 protein encoded by phage φ29, which infects B. subtilis, 
simultaneously binds to the C-terminal domain of the α subunit of RNA polymerase and to 
the DNA upstream of the polymerase, preventing promoter clearance95.  

Activating transcription factors   

Activating transcription factors (known as ‘activators’) increase the activity of promoters, 
often from low basal levels, by one of three mechanisms: Class I activation, Class II 
activation or activation by a conformational change (Figure 4b) 96. In Class I activation, the 
activator binds to an operator located upstream of the promoter elements and then recruits 
RNA polymerase to the promoter through interactions formed between a small surface-
exposed patch on the activator (known as an Activating Region) and the C terminal domain 
of the RNA polymerase α subunit96. Structural analysis of activation by CRP shows that this 
interaction occurs without any structural change in either partner, and, as such, is often 
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referred to as ‘velcro’97. Furthermore, Class I activation occurs at promoters that require 
activators to recruit RNA polymerase because one or more of the promoter elements has a 
sequence that is sub-optimal for RNA polymerase binding. Thus, for those promoters 
dependent on Class I activation, RNA polymerase is recruited by protein–protein 
interactions rather than protein–DNA interactions. Optimal Class I activation occurs when 
the activator binds to the same face of the DNA helix as the RNA polymerase α subunit98, 
and this facilitates the interaction between the two proteins. Hence, activation is reduced if 
the operator is displaced by 1–5 base pairs (corresponding to up to half a turn of the helix) 
but restored if the displacement is ~10 base pairs (corresponding to a full turn of the helix). 
In some cases, decreased activation due to suboptimal placement of an activator can be 
reversed if the bases sequence of one or more of the promoter elements is modified to 
enhance  RNA polymerase binding99. 

In Class II activation, the activator binds to an operator that overlaps the -35 element of the 
promoter. Once bound to the operator, the activator recruits the RNA polymerase by 
forming direct interactions with Domain 4 of the sigma factor, or the N-terminal domain of 
the α subunit, or with other components of the RNA polymerase (Figure 4b)96. Here, 
discrete activating regions in the activator recruit RNA polymerase to the promoter but, at 
some promoters, the interactions between the activator and the RNA polymerase are more 
favourable in the open complex, and this facilitates the transition from the closed to the 
open complex100-103. One of the consequences of Class II activation is that the C terminal 
domains of the RNA polymerase α subunits are unable to bind to their preferred binding site 
immediately upstream of the -35 promoter element and, instead, bind immediately 
upstream of the activator96. This permits Class II activators to function together with Class I 
activators, and this combination is responsible for synergy at many bacterial promoters 
where activity is co-dependent on two signals1.  

A third mechanism by which a single activator can drive transcription initiation at a 
promoter involves binding of the activator to an operator located between the -35 and -10 
elements of the promoter (Figure 4b). These promoters are usually poorly active due to 
non-optimal spacing between the two elements, and the current view is that activation 
involves distortion of the DNA to so that the -35 and -10 elements of the promoter are 
better juxtaposed for RNA polymerase binding104, 105. The available structural evidence 
argues that this distortion is not evenly spread across the DNA between the -35 and -10 
elements105,106.  

In the above examples (Figure 4b), which can be viewed as ‘direct’ activation, the activator 
alters the target promoter to make it more ‘attractive’ to the RNA polymerase. However, 
activation can also occur indirectly, usually by removing a repressor, and in these cases the 
activator can be thought of as an anti-repressor1. For example, in enterohemorrhagic E. coli, 
expression of one of the principal virulence determinants is repressed by the NAP, H-NS, but 
expression of Ler, an H-NS homologue, disrupts the repression and triggers virulence107, 108. 
A more complex example is found at the E. coli nir promoter that controls the expression of 
a nitrite reductase. Here, Class II activation, repression by NAPs, and indirect activation by 
anti-repressors, all compete to regulate promoter activity. Class II activation of nir is 
mediated in response to oxygen deprivation by an activator known as FNR, but activation is 
suppressed by the NAPs, IHF and Fis, which bind to specific target sites located just 
upstream of the DNA site for FNR109,110. However, this suppression is disrupted by either 
NarL or NarP, acting as anti-repressors, whose activities are regulated by levels of 
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extracellular nitrate and nitrite ions111. Thus, expression from FNR-regulated promoters 
integrates two different environmental signals, oxygen and nitrate/nitrite. 

The common feature of many activation mechanisms is that they work primarily by 
promoting recruitment of RNA polymerase, rather than promoting the transition of the RNA 
polymerase closed complex to the open complex, which is a process that does not require 
an activator for most RNA polymerase holo enzymes. However RNA polymerase holo 
enzymes containing sigma factors related to σ54 are unable to make this transition and 
hence require special activators from the class of activators known as enhancer binding 
proteins (EBPs). These EBPs use ATP hydrolysis to change the conformation of a surface-
exposed loop that interacts directly with σ54 to induce a conformational change that drives 
open complex formation and enables transcriptionally competent complexes to be 
formed112. As with activators that mediate Class I activation, EBPs bind upstream of 
promoter regions. However, since they need to interact with the σ54-related sigma factor, 
rather than with the adjacent α subunits of the RNA polymerase holoenzyme, looping of 
upstream DNA has to occur to ‘deliver’ the EBP to the sigma factor, and this is often assisted 
by DNA-bending proteins such as IHF 112, 113.  

Promoter modifications  

Other mechanisms by which the activity of bacterial promoters can be regulated involve 
modification of specific bases, or changes to the base sequence, which alter the affinity of 
an operator for a transcription factor, or affect RNA polymerase binding or its activity. The 
most common chemical modification is DNA methylation, which can result in changes in the 
binding affinities of specific transcription factors to operators that can potentially lead to 
global changes in the transcriptional programme114-118. For example, methylation of the 
operators of two E. coli genes, pap and agn43, by the Dam methylase results in the loss of 
repressor binding, which leads to the induction of gene expression. Repression is re-
established in daughter cells, as the DNA synthesized during replication is unmethylated 
(Figure 5a).  

The most extreme examples of base sequence changes at regulatory regions are inversions 
of DNA segments that reverse the orientation of promoters in response to a signal. This 
creates promoters that are either ‘on’ or ‘off’, depending on whether they are oriented 
towards or away from the genes that they control. This contrasts with promoters that are 
directly controlled by transcription factors, for which output can be proportional to the 
input signal117, 118. An example of regulation by DNA inversion is the promoter that controls 
the expression of the fim operon, which encodes Type 1 fimbriae in both commensal and 
pathogenic E. coli (Figure 5b). As might be expected, the FimB and FimE enzymes that 
catalyse DNA inversion at this operon are themselves tightly regulated.  

Local sequence variation at promoters provides a more sophisticated alternative strategy to 
DNA inversion. This is usually driven by tracts of variable length that repeat a single 
nucleotide (or dinucleotide), often in the vicinity of the -35 element of the promoter (Figure 
5c). For example, the promoters of hifA and hifB in Haemophilus influenza have variable 
numbers of TA repeats that correspond to changes in the level of gene expression  
Individual bacterial cells in a population have a different number of repeats in the variable 
region of the promoter, with each tract length conferring a different level of transcriptional 
activity. Thus, at any moment, a subset of cells will have the optimal level of transcriptional 
activity at the promoter for the given conditions 117-120. This regulation ‘by lottery’, driven by 
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repetitive sequences that differ from one generation to another, contrasts sharply with 
regulation by transcription factors, which drive specific responses to specific environmental 
cues. Hence transcription factors may not always be essential for bacterial survival, and 
their deployment is not the only strategy available for bacteria to adapt their transcriptional 
programme to changing environments.  

 

Evolutionary origins  

François Jacob stated that ‘evolution was a tinkerer’ and nowhere is this famous statement 
more evident than in the regulation of transcription initiation in bacteria121. Thus, it appears 
that bacterial regulatory circuits evolved by the sequential addition of layers of complexity, 
and this evolution continues today. This view accounts for the great diversity of strategies 
adopted by different bacteria for regulating transcription initiation, and underscores the 
danger of making generalisations based solely on studies using E. coli as a model. Hence, for 
example, different bacteria deploy sigma factors and transcription factors to different 
extents, in order to harness the evolutionary advantage of making defined transcripts at 
specific levels in a regulated way.   

From the perspective of evolutionary history, we can assume that transcription was present 
in the first cells and it is easy to imagine that this transcription might have been much less 
specific and much less regulated than what we observe now. Indeed, it has been suggested 
that the widely observed, unregulated, pervasive transcription, seen in many bacteria, is an 
evolutionary relic from the time before control was exerted122. Furthermore, the RNA 
polymerase core enzyme, which is common to all three domains of life, can make transcripts 
but lacks the ability to select specific start sites or efficiently initiate transcription123. In 
bacteria, these functions were acquired by the evolution of sigma factors, whereas different 
solutions evolved in the other domains of life123.  

Following the acquisition of sigma factors, the bacterial RNA polymerase had to overcome 
the compacted DNA structure of the nucleoid and access many potential promoters that 
were likely blocked by NAPs (Box 3). It has been argued that transcriptional regulation 
evolved by tinkering with NAPs to create regulated repression or regulated activation of 
specific genes124. Hence transcription activation by anti-repression (for example by Ler, NarL 
or NarP, see above) may well reflect the oldest form of activation, and, perhaps later, 
further tinkering of NAPs led to the evolution of activating regions. Evidence of a common 
origin for transcription factors and NAPs comes from findings that many transcription 
factors bind to some targets without any measurable effect on transcription125,126, and that 
many NAPs function like transcription factors at some promoters, for example, by deploying 
activating regions to help recruit RNA polymerase127, 128. 

 

Outlook  

Since 2004, when we last reviewed this topic1, enormous progress has been made in 
understanding the molecular details of transcription initiation, together with mechanisms 
that regulate its activation and repression. At the forefront have been advances in 
understanding the structure and dynamics of the bacterial RNA polymerase, and these have 
opened the way to detailed mechanistic understanding of the actions of the many 
interacting factors. In parallel, genome sequencing, together with the -omics revolution, has 
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alerted us to the diversity of factors in different bacteria, and to the breadth of the 
regulatory repertoire. However, despite this, we are still unable to predict transcriptomes 
and regulatory patterns from first principles. Therefore, an important aspiration for the 
years ahead, in our view, is to develop our understanding of regulatory mechanisms such 
that the many layers of regulation can be modelled, in order to accurately predict 
transcriptional outcomes from a bacterial genome.  
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Box 1: Recognition of promoters by RNA polymerase. 

Optimizing promoter strength. Bacterial promoter sequences contain motifs known as 
the -35 element, the extended -10 element, the -10 element, the discriminator region, the 
UP element, and the core recognition element. The activity of a promoter is set by these 
elements, with stronger promoters often having elements with sequences that better 
resemble the consensus sequences (Figure 1b). Bacteria have evolved a ‘mix and match’ 
approach to setting promoter strength, in which the strength of the individual promoter 
elements combine to determine the overall activity of the promoter. This modular 
organization probably has the benefit of enabling promoters to evolve easily to produce 
different output levels. Most naturally occurring promoters possess sequences for each 
element that are suboptimal for maximum activity129, although the strength of each 
element is often not uniform across the promoter, such that different combinations of 
elements can generate promoters of similar strength130. An additional feature that 
contributes to promoter strength is the initiating nucleotide. For example, this is important 
for transcription initiation at ribosomal RNA operon promoters, where cellular 
concentrations of initiating nucleotides (either ATP or GTP) influence the formation and 
stability of the open complex68, 69. 

Double-stranded or single-stranded? For many promoter elements, recognition by RNA 
polymerase is specific for double-stranded DNA (dsDNA). For example, the C-terminal 
domains of the α subunits recognize the UP element by docking into adjacent minor grooves 
of the dsDNA131, the -35 element is recognized specifically as dsDNA by a helix-turn-helix 
motif in Domain 4 of the sigma factor, and the dsDNA of the extended -10 element is bound 
by a long helix in Domain 3 of the sigma factor2,3. However, recent structural studies have 
shown that the -10 element and the discriminator region are both recognized as single–
stranded DNA (ssDNA); that is, once the DNA has been unwound during the formation of 
the transcription bubble4-7. To bind to the RNA polymerase, specific bases from the non-
template strand of the -10 element (the A and T bases at positions -11 and -7) and the 
discriminator region (the G at position -6) are flipped out and inserted into pockets in 
Domains 2 and 1, respectively, of the sigma factor. The core recognition element, which is 
formed by bases around the transcription start site, is recognized by residues in the RNAP β 
and β’ subunits of the RNA polymerase5-7. The order in which each element is recognized by 
RNA polymerase during transcription initiation has been examined using rapid kinetic 
methods to study the A1 promoter of the T7 phage, which showed that the UP element and 
the -35 element are bound first, followed by unwinding of the DNA and recognition of 
the -10 element132. Other studies of the lacUV5 and λPR promoters showed that RNA 
polymerase seems to bind to dsDNA at the -10 element and downstream DNA, before the 
DNA is unwound to produce ssDNA133, 134.  

Promoters as “bottlenecks”. By visualizing fluorescently labelled RNA polymerase in live 
cells135 or by measuring transcript levels as a proxy for RNA polymerase activity136, studies in 
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Escherichia coli have shown that a pool of RNA polymerase holo enzyme that scans for 
promoters seems to be present on bacterial DNA in most conditions. However, as a 
promoter can only be occupied by a single RNA polymerase at any time, transcript 
formation at many promoters is subject to a “bottleneck” effect, in which formation of the 
open complex and transition to the elongation step of the transcription cycle become rate-
limiting 137-139. Accordingly, experiments using chromatin immunoprecipitation to measure 
promoter occupancy have shown that RNA polymerase is stalled at many promoters, which 
results in decreased flux of RNA polymerase through specific transcription units140,141. 

 

Box 2: 50 years of studying gene regulatory mechanisms. 

In 1965, François Jacob, André Lwoff and Jacques Monod received a Nobel Prize for 
‘discoveries concerning the genetic regulation of enzyme and virus synthesis’. Together, 
they had discovered the mechanism by which lambda phage is silenced, as a lysogen in 
Escherichia coli, until exposure to UV light, and the mechanism by which β-galactosidase 
activity is silenced, unless E. coli is grown in a medium containing lactose. In both cases, the 
mechanism centred on a transcriptional repressor. Since the fundamentals of molecular 
biology had only just been established, transcription regulation had been a non-starter as a 
possible mechanism when the work began, and, indeed, the idea that the solution was a 
transcriptional repressor was resisted by Monod142 until even he was persuaded by the 
clarity of genetic experiments143. The discovery that these functions are regulated at the 
level of transcription gave birth to a research area covering promoters, transcript start sites 
and operators, together with all the paraphernalia that mediates induction and repression 
of gene expression. From these studies emerged the concept that what matters is not the 
genes one has, but how one expresses them, and it is no exaggeration to state that all work 
in this area has its origins in the discovery of transcriptional repressors. And yet, despite 
these brilliant fundamental contributions, two shortcomings are notable in the writings of 
Monod. First, he assumed that all regulation would be explained by the activity of 
repressors and, unlike Jacob, was never persuaded that transcriptional regulation might also 
rely on activators144. Second, the notion popularized by Monod that ‘anything found to be 
true of E. coli must also be true of elephants’ gave undue prominence to E. coli and its lac 
operon as a model for molecular biology, the limitations of which were appreciated by 
Jacob121 and, more recently, articulated by Victor de Lorenzo as the black cat-white cat 
principle145. 

 

Box 3: Nucleoid-associated proteins. 

Although not enclosed by a membrane in a nucleus, bacterial chromosomes are compacted 
and highly folded, forming a structure known as the nucleoid. This compaction enables large 
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bacterial chromosomes to fit inside cells and is achieved by the combined effects of DNA 
supercoiling, molecular crowding, and the presence of RNA and nucleoid-associated 
proteins (NAPs). Initially, it was thought that NAPs would have similar structures to 
eukaryotic histones, but it is now clear that NAPs are, instead, a diverse group of proteins 
that recognize DNA target sites using many different structural motifs77, 146. Escherichia coli 
has at least 12 different NAPs, including Fis (Factor for Inversion Stimulation), IHF 
(Integration Host Factor), HU (Histone protein from strain U9), H-NS (Histone-like Nucleoid-
structuring protein) and LRP (Leucine Responsive Protein), all of which have been studied 
extensively77, 79. The most studied example is probably H-NS, which forms filaments along 
AT-rich segments of DNA; these filaments then form bridges between different segments to 
repress the activity of any associated promoter147. How the activity of H-NS is modulated is 
not fully understood, but one mechanism used to relieve repression is the expression of 
H-NS homologues, such as Ler, that are incorporated into the filaments but are unable to 
form the repressive bridges148.  

Much of what we understand about NAPs comes from studies with E. coli; however, the set 
of NAPs present in any bacterium varies according to the species. For example, Fis is 
restricted to Gammaproteobacteria, whereas HU is found in almost all bacteria and is the 
principal NAP in Bacillus subtilis, in which it is an essential protein77, 149, 150. Some species of 
Actinomycetes have a NAP, Hlp, that has an N-terminal domain that is similar to HU, but a C-
terminal domain that resembles eukaryotic histone H1151. Adding further complexity, the 
levels of some NAPs change in response to growth conditions and growth phase, which 
means that the composition of a cell’s nucleoid can change over time. For example, rapidly 
growing E. coli cells at early exponential phase contain over 50,000 molecules of Fis, 
whereas the number of Fis molecules in cells at stationary phase is close to zero78, 152. 

Characterization of the binding preferences of individual NAPs has shown that some, such as 
IHF and Fis, are sequence-specific DNA-binding proteins, whereas others, such as H-NS and 
HU, bind to DNA non-specifically, often to distorted DNA structures79. Biochemical, 
biophysical and single-molecule experiments have shown that NAPs package DNA by several 
different mechanisms. For example, IHF and Fis package DNA by bending the target site, 
and, as mentioned above, H-NS forms bridges between DNA molecules77, 146, 153-155. 
Chromatin immunoprecipitation studies have determined the genome-wide binding profiles 
of some NAPs, which have shown that many NAPs bind to hundreds of target sites 156-158. 
Many of these target sites are located in intergenic regulatory regions, where several 
different NAPs may bind156. Thus, it is not surprising that many examples have been 
described where NAPs regulate gene expression by modulating directly promoter activity81. 
For example, the formation of extended filaments of H-NS on DNA silences many 
promoters147, and even prevents the unwanted expression of horizontally acquired A/T-rich 
genes, which often encode virulence factors159. By contrast, Fis is able to repress 
transcription initiation by a variety of mechanisms and can also activate transcription 
directly by interacting with holo RNA polymerase using an activating region127, 128. Other 
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NAPs can prevent transcription over a much larger segment of a bacterial chromosome and 
a genome-wide survey of the E. coli chromosome identified over 100 loci at which 
transcription seemed to be silenced160. The ability of NAPs to regulate transcription suggests 
that evolution has blurred the distinction between NAPs and transcription factors so as to 
ensure both nucleoid integrity and coordinated gene regulation124.  
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Text Figure Legends 

Figure 1 | Transcription of bacterial genes. 
a | The bacterial transcription cycle. Holo RNA polymerase, which comprises the RNA 
polymerase core enzyme and a sigma factor, interacts with promoter DNA to form the 
closed complex. The closed complex transitions to the open complex by unwinding the 
duplex DNA in the region of the transcription start site. The addition of nucleoside 
triphosphates enables a further transition to the initiating complex, which synthesizes the 
RNA transcript. Initially, the template DNA is pulled into the initiating complex, which is 
known as ‘scrunching’. The scrunched complex can be held at the promoter, which results in 
cycles of abortive initiation that only produce small RNA fragments. Alternatively, the RNA 
polymerase can escape the promoter to enter the elongation phase, leading to the release 
of the sigma factor and elongation of the RNA transcript using NTPs and elongation factors 
(not shown). Transcription proceeds until the RNA polymerase encounters a transcriptional 
terminator, after which the RNA transcript is released and the polymerase dissociates from 
the DNA template to reengage with sigma to repeat the cycle. 
b | The principal DNA elements that are recognized by RNA polymerase at bacterial 
promoters include the UP element (positions -37 to -58, if the transcriptional start site is 
denoted +1), the -35 element (positions -35 to -30), the extended -10 element (Ext) (position 
-17 to -14), the -10 element (positions -12 to -7) and the discriminator element (Dis) (-6 
to -4). Note that the exact positions of each element can vary according to the particular 
promoter. The regions of the sigma factor (Domains 1 to 4), and the C-terminal domain of 
the α subunit of RNA polymerase, that contact these promoter elements are indicated 
schematically. The figure is adapted from reference161. 

 
Figure 2 | Modulation of RNA polymerase activity.  
a | Polymerase centric transcription factors. Both RbpA and CarD are global transcription 
factors that bind directly to RNA polymerase to regulate transcription at promoters. RbpA 
contacts Domain 2 of the housekeeping sigma factor, whereas CarD binds to the β subunit 
of RNA polymerase. Both are positioned to stabilize the open complex by interacting with 
promoter DNA in addition to the RNA polymerase. Adapted from reference44.  
b | Regulation by a promoter mimic. The structure of the 6S RNA mimics that of a promoter 
in an open complex, which enables the 6S RNA to sequester RNA polymerase holo enzyme  
containing the housekeeping sigma factor, and thus down-regulate global transcription .  
c | Sequestration of a sigma factor domain. On infection of E. coli by ‘phage T7, the ‘phage 
Gp2 protein binds to two targets of the E. coli RNA polymerase holo enzyme: the channel 
that contains the active site and Domain 1 of the sigma factor. This inhibits transcript 
initiation by preventing DNA from entering the active site, and by stopping the movement of 
Domain 1 of the sigma factor. Adapted from reference14.  
d | Sigma factor displacement. On infection of Xanthomonas oryzae by ‘phage Xp10, the 
‘phage P7 protein binds to the β and β' subunits of the bacterial RNA polymerase, which 
inhibits transcription by displacing Domain 4 of the sigma factor from the holo enzyme 
when the RNA polymerase is associated with promoter DNA. Adapted from reference58.  
 
Figure 3 | Appropriation of RNA polymerase for specific transcriptional programmes. 
a | During infection of Escherichia coli, the AsiA protein of ‘phage T4 remodels the structure 
of Domain 4 of the host housekeeping sigma factor so that it is able to interact directly with 
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the ‘phage MotA transcription activator protein, bound at ‘phage target promoters, thereby 
activating expression of the middle stage genes of the T4 infection cycle. 
b | Early during infection, the Alt ‘phage T4 protein ADP-ribosylates amino acid residue R265 
on the C-terminal domain of the α subunit of E. coli RNA polymerase. This reduces 
recognition of UP element sequences at bacterial promoters, thereby increasing 
transcription at T4 promoters controlling the genes of the early stage of the infection cycle.  
c | In E. coli, SoxS is expressed in response to oxidative stress. By binding to the C-terminal 
domains of the α subunits of RNA polymerase, SoxS directs RNA polymerase to promoters 
that contain ‘Soxbox’ SoxS-recognition sites in upstream regions, which leads to the 
expression of the genes controlled by these promoters. 
d | In Bacillus subtilis, the Spx protein is activated in response to thiol-oxidative stress. 
Activated Spx is able to associate with the C-terminal domains of the α subunits of RNA 
polymerase, which modulates the binding preferences of RNA polymerase, such that 
expression of trxB and other genes that combat thiol-oxidative stress is induced. 
 
Figure 4 | Repression or activation at promoters by transcription factors.  
The principal mechanisms by which transcription factors directly repress or activate 
transcription initiation by holo RNA polymerase carrying Escherichia coli σ70, or a related 
sigma factor, at promoters. 
a | In repression by steric hindrance, the repressor binds to a site overlapping the core 
elements of the promoter recognized by RNA polymerase, and thus blocks binding of RNA 
polymerase to the promoter. In repression by looping, protein–protein interactions are 
formed between repressors that bind to sites upstream and downstream of the promoter, 
inducing looping of the DNA between the two repressor binding sites. The looping prevents 
recognition of promoter elements by RNA polymerase and transcription is repressed. For 
some genes that require activators for transcription, repressors can repress transcription by 
modulation of these activators so that RNA polymerase is no longer recruited by them. 
These repressors target activators, rather than directly masking promoter elements from 
RNA polymerase, but the ultimate effect remains to prevent recognition of the promoter 
and thus repress transcription.  
b | In Class I activation, the activator binds to a site upstream of the promoter and recruits 
RNA polymerase to the promoter by contacting the C-terminal domain of the α subunit. In 
Class II activation, the activator binds to a site in the promoter adjacent to or overlapping 
the -35 element, where it recruits RNA polymerase through direct interactions with Domain 
4 of the sigma factor. Rather than directly recruiting RNA polymerase, some activators 
activate transcription by inducing a conformation change in the promoter DNA. These 
activators bind at, or near to, the core RNA polymerase recognition elements of the 
promoter, and often realign the -10 and -35 elements so that they can be recognized by 
RNA polymerase, thereby enabling the recruitment of RNA polymerase to the promoter and 
activation of transcription.  
 
Figure 5 | Regulation by promoter DNA modification.  
a | Regulation by DNA methylation. To repress transcription of agn43, the OxyR 
transcription factor binds to sites that include unmethylated GATC sequences in the 
promoter region of the agn43 locus. This results in transcriptional repression because OxyR 
blocks access of RNA polymerase to the promotor. After DNA replication, the Dam 
methylase can methylate the adenines of these GATC sequences on one or both strands, 
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which prevents OxyR binding. Once the GATC sites are no longer occupied by OxyR, RNA 
polymerase is able to bind to the promoter and initiate transcription.  
b | Regulation by DNA inversion. The fim operon contains fimA and other genes. The 
expression of fimA is regulated by inversion of a DNA element in the promoter region of the 
gene. The inversion is mediated by FimB and FimE recombinases and switches the 
orientation of the promoter between off and on states. In the ‘off’ state, the promoter is 
oriented away from fimA, which results in the production of non-coding transcripts, 
whereas, in the ‘on’ state, the promoter orientation enables the production of fimA 
transripts. The fim locus is not drawn to scale.  
c | Regulation by local sequence variation. In Haemophilus influenza, hifA and hifB encode 
fimbrial components. The promoter of these genes has a variable number of TA dinucleotide 
repeats, which alters the spacing between the -10 and -35 elements. As the spacing 
between these elements is a determinant of RNA polymerase holo enzyme binding, and 
thus promoter strength, variation of the number of repeats produces changes in gene 
expression, such that expression can be switched off entirely or adjusted to different levels. 
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Glossary 

Actinomycetes: A class of soil bacteria with a particular morphology 
Chromatin immunoprecipitation (ChIP): A method whereby antibodies are used to isolate 
DNA fragments that have been crosslinked to a specific protein 
Coiled-coil: An extended motif found in proteins 
RNA polymerase core enzyme: The form of bacterial DNA-dependent RNA polymerase that 
lacks a sigma factor 
Closed complex: The complex between RNA polymerase and a promoter before DNA duplex 
unwinding has occurred 
Enterohemorrhagic E. coli: A virulent strain of E. coli that causes bloody diarrhoea 
Housekeeping sigma factor: The sigma factor in a bacterium that is responsible for 
recognition of promoters that control the transcription of most genes 
Initiating nucleotide: The 5’ nucleotide of a transcript. 
Michaelis constant: This is a key character of any enzyme and refers to the concentration of 
its substrate at which the catalysed reaction proceeds at half of its maximum spreed.  
Nucleoid: The structure that forms after a bacterial chromosome is compacted inside a 
bacterium 
Open complex: The complex between RNA polymerase and a promoter after DNA duplex 
unwinding has occurred and the RNA polymerase is ready to start transcription 
Pervasive transcription: The synthesis of transcripts that appear not to correspond to any 
functional genetic unit 
ppGpp(p): 3’ diphospho guanosine 5’ di(tri)phosphate. A small molecule synthesised in 
response to certain stresses. 
Stationary phase: The period when bacteria have stopped growing 
Superhelical density: The measure of the degree to which the winding of one DNA strand 
around the other differs from the periodicity of the Watson-Crick structure 
Template strand: The strand of the DNA duplex that acts as a template for RNA synthesis 
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ONLINE ONLY 

KEY POINTS: 

• Transcript initiation involves the interaction of DNA-dependent RNA polymerase with 
promoters 

• In bacteria, transcription initiation is highly regulated 
• Many regulators interact directly with the bacterial DNA-dependent RNA polymerase 
• Other regulators interact directly with promoters 
• Regulation occurs in the context of folding and compaction of bacterial chromosomes 
• A very wide range of different strategies to regulate transcription initiation are used and 

these differ from one species to another 

 


