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DNA supercoiling and bacterial
gene expression.
CHARLES J. DORMAN

ABSTRACT

DNA in bacterial cells is maintained in a negatively supercoiled state. This

contributes to the organization of the bacterial nucleoid and also influences

the global gene expression pattern in the cell through modulatory effects on

transcription. Supercoiling arises as a result of changes to the linking number

of the relaxed double-stranded DNA molecule and is set and reset by the

action of DNA topoisomerases. This process is subject to a multitude of

influences that are usually summarized as environmental stress. Responsive-

ness of linking number change to stress offers the promise of a mechanism for

the wholesale adjustment of the transcription programme of the cell as the

bacterium experiences different environments. Recent data from DNA

microarray experiments support this proposition. The emerging picture is

one of DNA supercoiling acting at or near the apex of a regulatory hierarchy

where it collaborates with nucleoid-associated proteins and transcription

factors to determine the gene expression profile of the cell.
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Emerging opportunities in gene regulatory
studies

The application of genomics methodologies is revolutionizing
analysis of bacterial gene regulation. Very large data sets are
being produced in gene expression studies and a major challenge
concerns the need to identify within these data patterns of regula-
tion that will lead to useful mechanistic insights. One approach that
is proving to be quite successful involves identifying regulators that
have very wide effects on gene expression and then identifying all
the genes that each controls collectively. By performing this
operation for each pleiotropic regulator one can assemble a
picture of the genetic complement of the bacterium where the
genes are organized into sets. Overlaps between these sets provide
important insights into the networking of the gene expression
programme of the cell, at least under the conditions in which the
measurements were made. It is important to emphasize that work
on what one might term global regulatory mechanisms is not new.
What is new is the powerful alliance between this type of investiga-
tion and the emerging technologies of transcriptomics, proteomics,
metabolomics, interactomics, etc. It is becoming apparent that
earlier suggestions that DNA supercoiling would play a critical
role in the global control of transcription1 were well founded.
Currently we are at the stage of assembling what is proving to be
an exciting and highly detailed picture of how the bacterial cell
controls the expression of its genetic material.

DNA supercoiling and nucleoid organization

It is useful to begin a discussion of DNA supercoiling in bacteria by
referring not to its effects on transcription but by considering its
role in nucleoid packaging2. The chromosome of a bacterium such
as Escherichia coli contains approximately 4.7 million bases and is
about 1.5mm in length. Packing this molecule into a capsule-
shaped cell measuring 1 micron across by 2 microns long presents
certain practical difficulties. These are solved by a combination of
long-range and short-range structuring processes. It is now
accepted that the chromosome is divided into a number of
independent looped domains. The actual number has been difficult
to determine but following recent estimates an emerging consensus
indicates that it may be as high as 400 per chromosome3–5. Thus
looped domains may be quite small and some may accommodate
just single operons. The nature of the boundaries between domains
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has been a matter for debate. No single factor has been identified
that definitely constitutes a boundary element, either at the level of
a cis-acting sequence in the chromosomal DNA or a trans-acting
protein or RNAmolecule. Nevertheless, there are many candidates,
not least the nucleoid proteins in the case of trans-acting factors, of
which more will be said below, and repetitive DNA sequences in
the case of cis-acting motifs1–5. One feature of domain boundaries
that has been established satisfactorily is the fact that they are
ephemeral. Boundaries exist in abundance in the chromosomes of
bacteria growing logarithmically but become rare as the bacteria
enter stationary phase. This points to a highly dynamic nucleoid
structure.
The looped domains are negatively supercoiled because they

contain a deficit of DNA helical turns. The DNA responds by
adopting a minimal energy conformation that is characterized by
the writhing, and even branching, of the helical axis that one
associates with plectonemically-wound negatively supercoiled
DNA2. An early and attractive proposition that chromosomal
domains are supercoiled to different levels has been examined in
a number of studies. In this model, the genes in the different
domains experience different levels of linking deficit in their
DNA, possibility providing for different influences on expression.
The model also raises the possibility that differentially supercoiled
independent domains could act as a constraint on the locations in
the chromosome where certain genes might be located and hence
affect chromosome evolution. Experiments in which supercoiling-
sensitive probes where placed at different locations on the chromo-
somes of E. coli6 or Salmonella enterica serovar Typhimurium7

produced no data that supported the differentially-supercoiled
domain thesis. Instead, any variations in gene expression detected
by the probes could all be accounted for on the basis of gene copy
number as a function of distance from the origin of chromosome
replication, oriC.
The current model of the bacterial nucleoid incorporates looped

domains constrained by boundaries that are transient and where
the overall linking deficit is approximately equal in all domains.
There may be roles for nucleoid-associated proteins in boundary
formation. However, at least one report suggests that many major
nucleoid-associated proteins can be eliminated from the cell
without affecting the gross structure of the nucleoid8. It is also
important to consider the possibility that some of these proteins,
especially Fis, may have important structuring roles at the apices of
loops where they might inhibit DNA slithering9,10.
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Supercoiling and DNA-based transactions

The underwinding of the DNA in bacterial cells imparts free energy
to the duplex that is available to do thermodynamic work11. The
free energy of supercoiling varies as a function of the change in the
linking number squared12. This relationship between the reduction
in the linking number of the double-stranded DNA and free energy
is such that even relatively modest reductions in linking number
have the potential to influence the major transactions that take
place in DNA. While these certainly include transcription they also
encompass recombination (homologous, site-specific and transpo-
sition) and replication. Other DNA structural transitions, such as
the conversion of B DNA to the Z form, the formation of triple-
stranded H-DNA and cruciform extrusion can also be driven by
reductions in linking number12.
Changes to the linking number usually require breakage and

reunion of the DNA strands, reactions that are catalyzed by
topoisomerases13. Bacteria possess a unique enzyme called DNA
gyrase that catalyses this reaction14. In E. coli, gyrase is a tetra-
meric protein with an A2B2 structure. The gyrA and gyrB genes
encode the A and B subunits, respectively. Knockout mutations in
these genes are lethal, indicating that gyrase is an essential enzyme.
It is a type II topoisomerase and this means that it alters the linking
number of its DNA substrate in steps of two. The underwinding of
DNA that accompanies linking number reduction requires energy
and gyrase consumes ATP in this process. This has the physiolo-
gically important effect of linking gyrase activity directly to the
metabolic state of the cell1. The activity of gyrase is opposed by
DNA topoisomerase I, a type I enzyme that alters the linking
number in steps of one14. Like gyrase, topoisomerase I requires
Mg2þ , but unlike gyrase it does not require ATP. Instead,
topoisomerase I gets the energy to drive its DNA relaxation
reaction from the DNA substrate itself. It cuts one DNA strand
and allows it to swivel around the intact strand, relaxing the
molecule in the process. For this reason, topoisomerase I is some-
times referred to as a swivelase. This protein is monomeric and is
encoded by the topA gene. Mutations in topA are not lethal but are
debilitating for the cell. Part of the reason that knockout mutations
in topA can be tolerated concerns the existence of other topoisome-
rases in the cells that can relax DNA, including topoisomerase
IV15,16. This type II topoisomerase is structurally closely related to
gyrase but lacks the ability to underwind the DNA substrate17.
Early genetic studies showed that mutations in the topA gene could
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be compensated by second site mutations that down-regulated the
activity of gyrase or amplified the number of copies of the genes on
the chromosome (parC and parE) that code for topoisomerase
IV15,16. It was also found that protecting the mutant bacteria from
osmotic stress or anaerobic growth conditions could ameliorate the
severity of the physiological effects associated with a topA muta-
tion18. These latter observations pointed to an important link
between the environment and DNA supercoiling. Molecular
analysis revealed that the promoters of the gyrA and gyrB genes
are activated by DNA relaxation, whereas the promoter of the topA
gene is stimulated by DNA underwinding. These observations led
to a homeostatic model of DNA supercoiling, in which the activity
of each major topoisomerase stimulates the expression of its
countervailing partner. The outcome is a ‘balanced’ level of DNA
supercoiling that is presumed to be optimal for cellular
survival12,20.

Transcription and DNA supercoiling

DNA supercoiling has the potential to influence transcription at a
number of levels21. The most obvious, perhaps, concerns the
isomerization step in transcription initiation where the promoter-
RNA polymerase closed complex is opened. The ability of negative
supercoiling to assist double stranded DNA to open to form a
single-stranded region follows easily from the intuitive notion of
underwound DNA. Energy is needed to break the hydrogen bonds
and this can be supplied by underwinding the DNA. However,
before the process reaches the point of open complex formation,
RNA polymerase must be recruited to the promoter and super-
coiling can influence this step in different ways. One of these
concerns promoters in which the canonical � 10 and � 35
hexameric elements recognized by the sigma factor of RNA
polymerase are separated by a spacer of non-standard length.
Most spacers in promoters that are read by the Sigma-70 house-
keeping sigma factor are 17 bp in length. Adding or subtracting
bases alters the relative distribution of the � 10 and � 35 along the
face of the DNA helix. This rotational distortion can be corrected
by altering the twist of the DNA. This is possible because the
consequences of linking number reduction are typically partitioned
between the twist and writhe of the DNA according to the formula
DLk ¼ DTwþ DWr12,21.
The recruitment of RNA polymerase to a promoter can also

depend on the presence of a transcription factor and the binding of
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this regulatory protein can be influenced by the topology of the
DNA at its binding site22. Similarly, DNA supercoiling can
influence the interaction of the transcription factor with RNA
polymerase profoundly. For example, the closed transcription
initiation complexes formed by Sigma-54-dependent promoters
are normally completely silent until a transcription factor that is
bound to a far upstream sequence (called an enhancer) is brought
into intimate physical contact with RNA polymerase22. The
delivery of the upstream-located transcription factor is facilitated
by the introduction of writhing turns in the intervening DNA
through linking number reduction. Promoters that are subject to
stringent control in response to the alarmones ppGpp and
pppGpp possess GþC-rich discriminator regions immediately
downstream of their � 10 motifs that are an impediment to
transcription21. These promoters drive the expression, inter alia,
of genes involved in the expression of the translation machinery of
the cell. This machinery must be down regulated when the
bacterium is starved and the stringent response is a key element
in the achievement of this. The GþC-rich region is difficult to
melt because it is more tightly hydrogen bonded than the typically
AþT-rich sequences found at most bacterial promoters. The
discriminator function relies on the need for additional energy,
in the form of underwound DNA, to overcome the activation
barrier that is imposed by the GþC-rich sequence21. This
additional energy, channeled through DNA gyrase activity, is
more likely to be available in bacteria with a high metabolic
flux and a correspondingly high [ATP]y[ADP] ratio than in
starved organisms12,21.
Echoes of this discriminatory function can be detected in the case

of promoters that are read by the so-called stress- and stationary-
phase-specific sigma factor, Sigma-38, or RpoS. These promoters
are often difficult to distinguish by sequence analysis from those
that are read by Sigma-70 although they do have distinct features.
One of the characteristics of an RNA polymerase that has been
reprogrammed by Sigma-38 is an ability to utilize promoters in
relaxed DNA much more efficiently than is the case for polymer-
ases containing Sigma-7023. Significantly, relaxation is a feature of
DNA in bacteria that are in the stationary phase of growth,
precisely the period when Sigma-38-dependent transcription is
required. Although this discussion focuses on transcription initia-
tion, it should be remembered that supercoiling of the DNA
template also has the potential to influence later stages in the
process, such as elongation and termination.
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It is important to emphasize that while DNA supercoiling can
influence transcription, transcription also affects supercoiling24.
This arises because of the physical conditions under which the
process occurs in the cell. As RNA polymerase tracks along DNA,
the moving complex causes the DNA ahead to become overwound
and that behind to be underwound. This is equivalent to the
creation of a positively supercoiled domain ahead and a negatively
supercoiled domain behind the moving complex. It follows that the
transcription complex will quickly reach a point where further
progress becomes physically impossible unless the resulting
torsional strain is relieved by (1) the rotation of the complex
around the DNA molecule, (2) the rotation of the DNA template,
or (3) the intervention of agents capable of resetting the topology of
the DNA. It is believed that rotation of the transcription complex is
unlikely to be easy because of the viscous drag experienced in the
crowded environment of the cytoplasm. This effect is exacerbated
by the development of the growing RNA transcript, and is further
exacerbated by the addition of ribosomes and nascent polypeptides
in the case of mRNA. These combine to exert an effect analogous
to that of an anchor on the rotation of the transcription complex24.
Free rotation of the DNA template is likely to be inhibited by
anchorage at domain boundaries. It is believed that in practice, the
topological problems associated with the movement of the tran-
scription complex are solved by the intervention of topoisomerases.
This is supported by experimental evidence from a number of
model systems1. This is also the case for other DNA-based tracking
processes, such as DNA replication. DNA gyrase can relax the
positive supercoils that form ahead of the moving complex while
DNA topoisomerase I relaxes the negative supercoils that form
behind. However, it is necessary for these topoisomerases to be
available for this to occur, so circumstances that interfere with the
normal expression of these enzymes or their activities may have
unforeseen consequences at a local level of some promoters.
A key corollary of the discovery that transcription affects DNA

supercoiling is that promoters may influence one another at a local
level. Back-to-back promoters can pump negative supercoiling
towards each other, with mutual influences on transcription
performance. Convergent promoters have the potential to drive
each other into a positively supercoiled state, again with potential
effects on performance. Promoters arranged in tandem can influ-
ence upstream and downstream neighbours for the same reasons.
There is a considerable body of experimental data that supports
these models of promoter-promoter coupling. In one case a series
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of promoters along the chromosome of Salmonella in the neigh-
bourhood of the leuABCD operon has been shown to participate in
a relay-based mutual activation mechanism25. The phenomenon of
promoter coupling has important implications for our under-
standing of how promoter activity can be influenced at a very
local level by the effects of transcriptionally generated changes in
DNA supercoiling. It also has implications for our views of the
possible permissible arrangements of genes and their promoters
along the chromosome or other replicon.

Environmental influences on DNA supercoiling

Potentially, every promoter in the cell can be affected by changes in
DNA supercoiling. The homeostatic model indicates that bacteria
strive to maintain the superhelical density of DNA close to an
optimal value. Superhelical density, s, is related to the linking
number change of DNA as follows: s ¼ DLkyLk0, where DLk is
the change in linking number and Lk0 is the linking number of the
same DNA molecule in its fully relaxed state11. The value of s has
been estimated as � 0.025 for DNA in bacteria such as E. coli. To
be useful in a gene regulatory role, supercoiling levels would have
to be variable. Several lines of evidence support the proposition
that it does vary. Importantly, the linking number of DNA has
been shown to change when bacteria move from low to high
osmolarity growth media and from aerobic to anaerobic growth
conditions26,27. It is also affected by growth phase, temperature and
pH27–29. In each case, the resulting change in supercoiling has been
shown to alter the transcription of large groups of genes30.
This leads naturally to a hierarchical view of gene regulation in

bacteria1,12,21. Here, supercoiling occupies a position at the apex of
the pyramid where it can affect a very wide range of genes. The
members of the family of nucleoid-associated proteins exert further
wide-ranging effects on gene expression. Transcription factors such
as the cAMP-receptor protein, Crp and the leucine-responsive
regulatory protein, Lrp come next and finally the so-called conven-
tional transcription factors, each influencing just a handful of
genes. Promoter-promoter coupling mechanisms probably contri-
bute to fine-tuning of the gene expression programme. Evidence
supporting the wide-ranging effects of DNA supercoiling on gene
expression come from many studies of individual genes and from
transcriptomic analyses where the effects on gene expression
patterns of mutations in genes coding for topoisomerases and
treatments with antibiotics that inhibit topoisomerase function
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have been assessed31,32. Transcriptomic analysis has also confirmed
the link between the response to osmotic shock and DNA super-
coiling sensitivity of genes involved in that process30.

Nucleoid-associated proteins

There is a discrepancy in measurements of the superhelical density
of DNA within the bacterial cell (� 0.025) and the same DNA
purified from the cell (� 0.05)11. This is accounted for if approxi-
mately half of the supercoils in DNA are constrained while it is
inside the cell. Consequently, it is believed that half of the bulk
DNA exists in complexes with protein and half is plectonemically
wrapped in bacteria growing logarithmically. The DNA isolation
procedure removes the proteins and reveals the full extent to which
the DNA is supercoiled. There is no evidence that some DNA is
permanently associated with protein in the cell and some perma-
nently protein-free. On the contrary, all indications are that the
situation is highly dynamic. There are many proteins involved in
forming these nucleoprotein complexes, of which RNA polymerase
is clearly an important example. Others include the many members
of the nucleoid-associated protein family. This group includes the
Factor for Inversion Stimulation (Fis), a protein that influences
DNA topology in bacteria at a number of levels10,33.

(a) The Fis protein

Fis is a homodimeric DNA binding protein that binds to a rather
degenerate consensus sequence. Originally identified as an impor-
tant co-factor in site-specific recombination reactions in bacteria
and bacteriophage, it is now recognized as having wide-ranging
effects on transcription34,35. The Fis protein is expressed by fis, a
gene whose promoter is activated by negative supercoiling. Fis has
been identified as a transcriptional repressor of the gyrA and gyrB
genes and, under certain circumstances it is an activator of topA
transcription. This gives Fis a direct role in modulating the supply
of topoisomerases in the cell. In addition, it can modulate their
activities. This is because the Fis protein has a preference for
binding to DNA molecules of intermediate superhelical density
and protecting them from further linking number changes. For this
reason, it has been described as a topological buffer36,37. Naturally,
the ability of the Fis protein to influence events in the cell is
contingent on its being present. The protein shows a striking
growth-phase-dependent expression pattern that is matched by fis
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mRNA, where there is a spike of expression in early logarithmic
growth as the cells exist lag phase. Fis plays a key role here in the
up-regulation of genes involved in the production of the translation
machinery of the cell. These same genes are usually exquisitely
sensitive to changes in DNA supercoiling. The mechanism by
which Fis acts at these promoters seems to involve a combination
of those properties that one associates with conventional transcrip-
tion regulators (e.g. direct contact with RNA polymerase) and its
role as a topological buffer where it organizes a micro-domain of
negatively supercoiled DNA immediately upstream of the
promoter, preserving a structural conformation that is optimal
for promoter function. Studies of Fis at the promoters of strin-
gently regulated stable RNA genes have revealed a feature that
recurs at other Fis-regulated promoters: an antagonistic relation-
ship with the nucleoid-associated protein H–NS.

(b) The H–NS protein

The H–NS protein is an abundant DNA binding protein that is
present in the cell approximately at a constant level throughout
growth38. It can constrain DNA supercoils both in vivo and in vitro
and is a highly pleiotropic regulator of transcription. In every case
where the contribution of H–NS has been shown to be direct, it
acts as a repressor. All the indications are that H–NS exists in the
cell to down-regulate transcription. If this is so, how is its negative
influence counteracted? Part of the answer comes from attempts to
identify the features in DNA to which this protein binds. It has
proved to be extremely difficult to identify a consensus DNA
sequence for H–NS binding. Instead, the protein seems to have a
preference for binding to particular structures, mainly regions of
intrinsic planar curvature. Frequently, such structural motifs are
specified by AþT-rich DNA sequences and are found at many
bacterial promoters. Modulation of the H–NS-DNA interaction is
likely to involve changes to the nucleic acid rather than to the
protein. There is no strong evidence that H–NS (or Fis) binds a
ligand, is covalently modified or undergoes proteolytic cleavage.
However, the maintenance of curvature in DNA is contingent on
the chemical and physical environment. For example, curvature is
ablated by increases in temperature39. It is interesting to note that
many H–NS-repressed genes are activated by rising temperature.
Another mechanism for antagonizing the repressive activity of H–
NS involves remodelling of the DNA by the binding of another
protein. This could be a conventional transcription factor (which
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also contacts RNA polymerase) or a protein that simply removes
H–NS (an anti-repressor). The Fis protein is a good example of an
anti-H–NS factor, and there is an interesting correspondence
between the memberships of the H–NS40,41 and Fis34 regulons in
Salmonella.

(c) The IHF protein

The integration host factor (IHF) is a nucleoid-associated protein
that acts locally at many genes and has been shown to cooperate
intimately with negative supercoiling to influence promoter func-
tion. Originally identified as an essential component of the bacter-
iophage lambda integration and excision process, IHF is now
established as a major influence on the global gene expression
pattern of E. coli, Salmonella, and other bacteria42,43.
The IHF protein has been implicated in the redistribution of

DNA twist at a local level on the chromosome. This phenomenon
involves DNA elements subject to stress-induced duplex destabili-
zation (SIDD)20,44. As the name suggests, these elements are
particularly prone to the formation of single stranded regions in
response to the stress associated with DNA underwinding. In the
case of the ilvPG promoter of E. coli, binding of the IHF protein at
the SIDD sequence and the associated bending of the DNA
resulted in transmission of the tendency towards DNA duplex
unwinding from the SIDD site to the Pribnow box of the promoter.
In principle, this DNA twist transmission mechanism need not be
confined to any one protein; any DNA binding protein capable of
bending DNA should suffice. In keeping with this proposition, the
Fis protein has also been shown by experiment to be able to
activate a promoter at a stable RNA gene using DNA unwinding
energy from a SIDD element45.

DNA supercoiling and bacterial virulence

A recurring theme in this article has been the responsiveness of
DNA topology in bacterial cells to environmental stress. It was
proposed some time ago that this was likely to be exploited by
bacterial pathogens as a means of regulating virulence gene
expression during infection46. There is now a wealth of evidence
to show that this is the case in many pathogenic species. The Gram-
negative pathogens Salmonella and Shigella have been examined in
particular detail and it is very interesting to see the major
components of the nucleoid-structuring apparatus being implicated
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in aspects of the control networks governing the repertoires of
virulence genes possessed by these bacteria. Both are facultative
intracellular pathogens that rely on type-three secretion systems to
interact successfully with their hosts. Genes with an abnormally
high AþT content that are thought to have been acquired
horizontally en bloc from unknown sources during the evolution
of the pathogens encode these complex structures. These genes are
found within so-called pathogenicity islands on the chromosome in
the case of Salmonella and on a large plasmid in the case of
Shigella47,48. In both cases temperature, osmolarity and pH play
important roles in modulating transcription. It is thought that this
helps to inform the microbe about its location within the host so
that the type-three secretion systems are only deployed and used
when the bacterium is in the gut.
Although most molecular detail is available for the Shigella

flexneri system, it is clear that the virulence gene promoters in the
pathogenicity islands of these bacteria are repressed by H–NS47.
The strong affinity of H–NS for these horizontally acquired genes
has prompted speculation that this may be a mechanism for
selectively down-regulating genes of this type until the bacterium
has had an opportunity to embed them appropriately in its existing
gene regulatory circuits40,41. The H–NS repressor in S. flexneri is
opposed by transcription factors that appear in the cell in response
to the correct profile of environmental signals. It is also opposed by
the Fis protein and counteracted by a DNA structural transition
that removes intrinsic DNA curvature38. The regulatory and
structural genes all possess promoters that are response to DNA
linking number change, providing a classic example of virulence
gene regulation by nucleoid-structuring factors, including negative
supercoiling of the DNA47.

Perspective

Much work remains to be done in the field of gene regulation by
DNA supercoiling. Its contributions to the control of virulence
gene expression in pathogens hint at possible applied benefits from
greater knowledge of this topic. However, the available informa-
tion is still very incomplete. For example, it has been shown
recently that linking number changes in DNA collaborate with
the Fis protein to modulate virulence gene expression in Salmonella
while the bacteria are inside mammalian cells49. Studies of bacterial
transcription in the intracellular arena are in their infancy and
many more data are needed to build reliable models of the key
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adaptation events during the adjustment of the microbial gene
expression programme to life inside host cells. More kinetic data
are also needed so that the gene expression pattern may be
considered in four dimensions to provide useful knowledge on
the spatiotemporal programme of gene regulation in all environ-
ments relevant to the lives of the most important microbes. This
ambition moves the field firmly into the realm of systems biology
where one can be confident that studies of DNA supercoiling-
mediated effects on gene expression will make significant contribu-
tions to a full understanding of microbial life.
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