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Gene organization and control are described by models conceived in the 1960s. These
models explain basic gene regulatory mechanisms and underpin current genome annotation.
However, such models struggle to explain recent genome-scale observations. For example,
accounts of RNA synthesis initiating within genes, widespread antisense transcription and non-
canonical DNA binding by gene regulatory proteins are difficult to reconcile with traditional
thinking. As a result, unexpected observations have often been dismissed and downstream
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consequences ignored. In this paper | will argue that, to fully understand the biology of
bacterial chromosomes, we must embrace their hidden layers of complexity.

Introduction

Bacterial chromosomes primarily comprise genes encoding
mRNA. These genes can be grouped into operons and tran-
scribed as a single mRNA (Fig. 1). Synthesis of this mRNA
initiates in intergenic DNA adjacent to the operon and is
controlled by a regulatory protein. Hence, despite account-
ing for only a fraction of the genome, intergenic DNA has
been studied intensely (Keseler et al., 2013). Consequently,
over many decades, rules defining transcription initiation,
and its control by regulatory proteins, have been defined
(Browning & Busby, 2004). In contrast, regions encoding
mRNA have been regarded as inert with respect to tran-
scription initiation and its control.

Technical advances now permit unbiased study of tran-
scription and its control on a genome-wide scale (Wade &
Grainger, 2014). As expected, such work confirms that
mRNA synthesis is indeed subject to regulation at intergenic
regions. This is also true for genes encoding untranslated
tRNA and rRNA species. However, hidden layers of com-
plexity, superimposed upon expected transcriptional events,
are also evident. Hence, many genes contain internal tran-
scription start sites, antisense transcription is pervasive, and
DNA binding by gene regulatory proteins is not restricted
to intergenic regions (Wade & Grainger, 2014). In this
paper, I will outline how the operon model came to domi-
nate opinion and, in light of recent observations, argue that
simplistic genome annotation conceals the true sophistica-
tion of bacterial DNA.

Abbreviations: CRP, cAMP receptor protein; sSRNA, small RNA.

Understanding genes and their regulation:
the operon model

The operon model rose to prominence in the early 1960s
(Jacob et al., 1960; Jacob & Monod, 1961). The concept,
which describes a group of genes, under the transcriptional
control of a regulatory protein, transformed our under-
standing of gene expression (Fig. 1). Consequently, the
terms promoter (a DNA sequence that stimulates tran-
scription initiation), regulator (a protein that modulates
promoter activity) and operator (a DNA binding target for a
regulator) entered the scientific lexicon (Jacob & Monod,
1959; Jacob et al., 1964; Cohen & Jacob, 1959). Whilst the
work of Jacob and Monod provided a conceptual framework
to describe genes and their control, many decades elapsed
before the underlying molecular events were understood
(Browning & Busby, 2004). In this regard, the ability to
define nucleic acid sequences was a major breakthrough
(Wu, 1972; Gilbert & Maxam, 1973; Sanger et al., 1977).
Hence, similarities in DNA sequence between regulatory
regions were identified (Dickson et al., 1975; Maniatis et al.,
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Fig. 1. The operon model. In bacteria, many genes encoding
mRNA (block arrows) are organized into operons. These are tran-
scription units demarked by a promoter (bent line arrow) and a ter-
minator (‘lollipop’) of transcription. Thus, when transcribed,
operons result in mRNA species (wavy line) of a precise length
that map to the template strand of the DNA.
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1975; Musso et al., 1977; Smith & Schleif, 1978). In particu-
lar, it was noted that promoters share two regions of resem-
blance (Hawley & McClure, 1983). We now understand
these as the —35 (5-TTGACA-3") and —10 (5’-TATAAT-3")
hexamers which interact with the housekeeping RNA poly-
merase (Zhang et al., 2012; Zou & Steitz, 2015). In contrast,
regulator binding sites have diverse sequences, but are often
palindromic (Pabo & Sauer, 1984). This reflects the need to
accommodate homodimeric regulatory proteins.

Application of the operon model on a
genomic scale

Whilst the study of transcription initiation and regulation
became focused on a few favoured intergenic regions, DNA
sequencing approaches began to target genome-scale prob-
lems. A combination of cost reduction and automation
underpinned publication of the Haemophilus influenzae
genome in 1995 (Adams et al., 1994; Fleischmann et al.,
1995). Further bacterial genome sequences followed in
quick succession (Fraser et al., 1995; Blattner et al., 1997;
Kunst et al., 1997; Cole et al., 1998). The availability of such
sequences demanded new computational tools. In particu-
lar, it became necessary to annotate genome sequences to
provide a standardized point of reference for future
researchers. Annotation methods scan the DNA sequence
for ORFs and cluster these into operons according to the
principles of Jacob and Monod (Overbeek et al., 2007).
Similarly, attempts can be made to identify promoters and
operators on the basis of the underlying DNA sequence
(Gelfand et al., 2000). Intriguingly, many researchers noted
that regulatory sequences sometimes occurred inside genes
(Robison et al.,, 1998). However, such observations were
routinely dismissed as unimportant (Blattner et al., 1997; Li
et al., 2002; Madan Babu & Teichmann, 2003; Pavesi et al.,
2004; Wei & Yu, 2007).

Beyond the operon: pervasive transcription
of bacterial chromosomes

Immobilized DNA oligonucleotides, arrayed on a solid sur-
face, offered the first opportunity to study genes and their
regulation on a genomic scale (Ramsay, 1998). Typically,
such DNA microarrays were designed so that each oligonu-
cleotide probe comprised a section of an annotated gene.
Following RNA extraction and reverse transcription, cDNA
hybridization to a cognate probe revealed transcript abun-
dance. However, opportunities to detect anything other
than mRNAs, rRNAs and tRNAs were limited; DNA micro-
arrays were designed according to genome annotation.
Eventually, unbiased transcript detection became possible
as the resolution of DNA microarrays improved and, ulti-
mately, the approach was superseded by massively parallel
DNA sequencing (Selinger et al., 2000; Grainger et al., 2005;
Reppas et al., 2006; Sharma et al., 2010; Nicolas et al.,
2012). Remarkably, unbiased analysis suggests that tran-
scription of bacterial chromosomes is pervasive. This catch-

all term describes RNA synthesis not constrained by the
operon model (Fig. 2). Such transcripts include mRNAs
with large non-coding appendages, stable non-coding
RNAs (ncRNA) and unstable ncRNAs. The different types
of transcript, and their modes of synthesis, are discussed
below.

Transcription of stable ncRNAs

Small RNA (sRNA) species are a common class of
non-coding transcript. They are stable and encoded by tran-
scription units, typically <250 bp in length, with a defined
promoter and terminator (Fig. 2). These transcription units
can occur anywhere in the genome, but are found most fre-
quently between mRNA encoding genes (Rivas et al., 2001;
Bak et al., 2015; Rivers et al., 2016). Hence, sSRNA species
contribute substantially to the complex patterns of tran-
scription observed in bacteria. Prior to the widespread use
of unbiased transcriptome analysis, only a handful of sSRNAs
had been identified (Storz et al., 2011). However, applica-
tion of genomic tools has demonstrated that hundreds of
sRNAs may be encoded by any given bacterial genome
(Gomez-Lozano et al., 2015). If oppositely orientated to a
protein encoding gene, an sSRNA may be co-classified as an
antisense RNA (asRNA) (Fig. 2, orange label).

Transcription of extended mRNAs

Recent transcriptome analyses have identified many
mRNAs with large non-coding appendages (Sesto et al.,
2013; Conway et al., 2014). In some cases, these RNAs act
simply as templates for protein synthesis (Brown et al,
2014). In other instances, the transcript may act as both an
mRNA and a regulatory RNA (Sesto et al., 2013). For sim-
plicity, all such transcripts will be referred to as extended
mRNAs. Often, the non-coding segment of the RNA is anti-
sense with respect to adjacent genes. For example, 75 % of
convergent operons in Escherichia coli produce transcripts
with 3’ ends overlapping by a mean of 286 nt (Fig. 2,
maroon label; Conway et al,, 2014). Similarly, 35% of
divergent operons generate transcripts with overlapping 5’
ends (Fig. 2, green label; Conway ef al., 2014). Non-coding
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Fig. 2. Hidden layers of transcriptional complexity. Many RNA
species are synthesized outside of the constraints imposed by the
operon model (Wade & Grainger, 2014). Hence, small RNA
(sRNA) may be derived from coding DNA sequences, and mRNAs
with antisense (asRNA) or other non-coding (hcRNA) appendages
are widely observed. If untranslated, the RNA is likely to be unsta-
ble (wavy grey dashed line).
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sense extensions at the 5" end of an mRNA can result from
promoters within genes (Fig. 2, blue label). For example, a
promoter within the E. coli rlmD gene results in the produc-
tion of an mRNA for the adjacent relA with a non-coding
667 nt extension at the 5" end (Brown et al., 2014; Bonocora
et al., 2015). Note that non-coding sense extensions at the
3’ end of an mRNA are unlikely. For example, if RNA poly-
merase were to progress past a termination element, and
transcribe a downstream gene in the correct orientation, a
polycistronic mRNA would be produced.

Transcription of unstable intragenic RNAs

In E. coli, hundreds of intragenic promoters also drive RNA
production independently of mRNA synthesis (Dornenburg
et al., 2010; Singh et al., 2014). These promoter sequences
are indistinguishable from those found upstream of protein
encoding genes, but are not associated with a canonical
transcription unit (Fig. 2; grey label) (Hawley & McClure,
1983; Dornenburg et al., 2010). Hence, the transcripts that
are produced are likely to be untranslated, unstable and rap-
idly terminated (Iost & Dreyfus, 1995; Wade & Grainger,
2014). Transcription of this type may be antisense with
respect to overlapping genes, but sense transcription is
more common (Singh et al., 2014).

Functions and consequences of pervasive
transcription

Arguably, sRNA species are the best candidates for regula-
tory function; they tend to be stable and structured (Storz
et al., 2011). Hence, an individual SRNA may interact with a
target protein or base pair with numerous mRNAs (Storz
et al., 2011). These interactions can be regulatory. For
example, an sSRNA may control stability, translation or ter-
mination of an mRNA (Storz et al., 2011). Regulation can
also be a feature of antisense transcription. For example,
expression of rplJ is downregulated by an overlapping anti-
sense transcript in E. coli (Dornenburg et al., 2010). Similar
effects can also be associated with those mRNAs that have a
large antisense appendage (Sesto et al., 2013).

The production of unstable transcripts is poorly conserved
and may represent transcriptional noise (Raghavan et al.,
2012; Wade & Grainger, 2014). Interestingly, such tran-
scripts align frequently with horizontally acquired sections
of bacterial genomes where multiple mechanisms act to
reduce their synthesis (Chintakayala et al., 2013; Singh &
Grainger, 2013; Singh et al., 2014). For example, the his-
tone-like nucleoid structuring (H-NS) protein hinders
intragenic transcription initiation and elongation (Peters
et al., 2012; Singh et al., 2014), the Rho factor stimulates
transcription termination (Cardinale et al., 2008) and
RNAses can degrade any transcripts that are synthesized
(Durand et al., 2012). Horizontally acquired DNA suffers
disproportionately from intragenic transcription initiation
because of its high AT content (Singh et al., 2014). Bacterial
promoters are also AT-rich DNA and occur frequently by

chance within such genes (Hawley & McClure, 1983;
Landick et al., 2015).

Complex patterns of transcription factor
binding

The first gene regulatory proteins identified were shown to
bind loci close to the 5" end of known operons (Ptashne,
1967; Gilbert & Miiller-Hill, 1967). Subsequent studies
focused on such DNA targets and found further regulatory
interactions (Schleif, 1969; Hua & Markovitz, 1975;
Webster et al., 1987). These observations reinforced the
original view that regulators principally target such regions.
This circular reasoning led to a dogmatic application of
early observations with many researchers excluding the pos-
sibility that gene regulatory proteins may bind elsewhere
(i.e. within genes or close to the 3" end of a gene) (Li ef al.,
2002; Madan Babu & Teichmann, 2003; Pavesi et al., 2004;
Wei & Yu, 2007). Recent unbiased studies of regulator—
DNA interactions show that whilst many regulators behave
in accordance with dogma (Grainger et al., 2004; Yama-
moto et al., 2011) others deviate substantially from expected
behaviour (Wade et al., 2007). Thus, some regulators pri-
marily bind targets within genes (Shimada et al., 2008),
whilst others bind a combination of mRNA encoding and
regulatory DNA (Grainger et al., 2006; Efromovich et al,
2008). Indeed, a recent study of 154 transcription factors in
Mpycobacterium tuberculosis showed a continuum of binding;
the number of intergenic targets for a given regulator varied
from 0 to 100 % of all targets (Minch et al., 2015). Since
interactions with coding DNA have been overlooked we
have little understanding of these targets. Recent examples
of how transcription factor binding in unexpected locations
can influence transcription are provided below.

Regulation of a promoter for an overlapping gene

The cAMP receptor protein (CRP) is a global regulator of
transcription found in many bacteria (Green et al., 2014).
Mapping of CRP binding in E. coli has identified numerous
binding targets within genes or between convergent genes
(Grainger et al., 2005; Haycocks et al., 2015). One such
example, a target between the convergent aatC and tnpA
genes in enterotoxigenic E. coli, has recently been examined
(Haycocks & Grainger, 2016). The analysis revealed that
CRP bound at this site activates the transcription of a small
unannotated gene completely embedded within, and in the
opposite orientation to, aatC (Haycocks & Grainger, 2016).
Thus, whilst the position of CRP binding appears unusual,
an unannotated gene is correctly positioned for regulation
(Fig. 3a). Presumably, other intragenic regulator binding
sites will have a similar function.

Regulation of a distal promoter

The pyrimidine utilization repressor (RutR) binds at least
20 different DNA targets across the E. coli genome
(Shimada et al. 2008). The consensus RutR operator is a
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perfect palindrome and purified RutR binds tightly to its
DNA targets in vitro. Of the 20 RutR operators, 16 are
located within genes. Initial inspection detected RutR-medi-
ated repression at only one such target; expression of ves
was undetectable in the presence of RutR (Shimada et al.
2008). However, subsequent work has shown that RutR
activity is controlled by deacetylation and autoproteolysis
(Tu et al, 2015). Thus, under appropriate conditions,
repression of further RutR target genes is apparent. There-
fore, repression of a distal upstream promoter can explain
binding of regulators in some instances (Fig. 3b).

Regulation of a promoter within a defined operon

The M. tuberculosis genes Rv0250c and Rv0249c¢ can be co-
transcribed as part of an operon (Knapp et al., 2015). Global
analysis of CRP binding across the M. tuberculosis chromo-
some identified CRP binding at the 3" end of Rv0250c. It was
subsequently shown that CRP bound at this locus activates a
promoter located between Rv0250c and Rv0249c¢ (Fig. 3c¢).
Hence, in some instances, promoters within operons require
the binding of transcription factors to coding DNA. This
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Fig. 3. Binding of transcription factors within genes and operons.
Complex transcriptional events are associated with the binding of
regulatory factors (coloured spheres) in unexpected locations. (a)
In enterotoxigenic E. coli, the transcription factor CRP activates a
promoter (bent arrow) between convergent genes (beige block
arrows) to control expression of an unannotated gene (blue block
arrow) (Haycocks & Grainger, 2016). (b) In E. coli K-12, the tran-
scriptional repressor RutR binds within genes and prevents their
expression (Shimada et al, 2008; Tu et al, 2015). (c) An M.
tuberculosis operon contains an internal promoter that is activated
by CRP (Knapp et al., 2015). (d) The sRNA FnrS is encoded in
the dbpA regulatory region. Binding of FNR to this regulatory
region controls expression of fnrS but not dbpA expression
(Grainger et al, 2007; Boysen et al, 2010; Durand & Storz,
2010).

phenomenon is likely to be common; Conway and co-work-
ers recently noted that 36 % of E. coli operons contain inter-
nal promoters or terminators (Conway et al., 2014).

Regulation of sRNA expression

Understanding sRNA regulation can also reveal hidden
functions for transcription factor binding. The global regu-
lator FNR binds upstream of the mRNA encoding gene
dbpA in E. coli, but does not control its expression (Grainger
et al., 2007). Instead, FNR activates the expression of FnrS,
an sRNA encoded within the dbpA regulatory region (Boy-
sen et al., 2010; Durand & Storz, 2010). Hence, apparently
cryptic regulator binding can be associated with the control
of sSRNA expression (Fig. 3d). In some cases, an sSRNA may
overlap the 3’ untranslated region of an mRNA (Chao et al.,
2012). Hence, at such loci, control of sRNA transcription
likely involves intragenic regulator binding.

Conclusions

There is an overwhelming body of evidence, generated
using multiple independent experimental approaches, that
bacterial genomes are more complex than implied by either
the operon model or genome annotation. On consideration,
it was perhaps naive to expect that bacteria would conform
entirely to our expectations. Natural selection, operating
over an incomprehensible time scale, has eked out adapta-
tions that enhance the fitness of bacterial cells. We should
not be surprised if such adaptations allow bacteria to obtain
‘added value’ from their small genomes.
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