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H-NS	� Histone-like nucleoid-structuring protein
HU	� Heat-stable protein from the strain U13
IHF	� Integration host factor
Lrp	� Leucine responsive protein
NAP	� Nucleoid-associated protein
OriC	� Origin of chromosomal replication
RNAP	� RNA polymerase
RpoD	� RNAP vegetative sigma factor (σ70)
RpoS	� RNAP stationary phase sigma factor (σS)
Ter	� Chromosomal replication terminus
TF	� Transcription factor
TG	� Target gene
Transcripton	� Transcription unit
TRN	� Transcriptional regulatory network
tyrT	� Tyrosyl transfer RNA gene
UAS	� Upstream activating sequence

Introduction

Transcriptional regulation of gene expression is an exceed-
ingly complex phenomenon having many facets, but the 
prevalent view, in keeping with the Jacob–Monod para-
digm, is that it is primarily about the interactions between 
the regulatory proteins acting as transcription factors (TFs) 
and their target genes (TGs). This view clearly separates 
the gene regulatory context (intergenic regions comprising 
the gene promoters with cognate TF binding sites) and the 
genetic information (gene coding sequences) in the chro-
mosome. The TF–TG interactions have been studied in 
great detail and at different levels of complexity, ascend-
ing from individual regulatory interactions between a TF 
and its TG, to combinations of interactions forming topo-
logically distinct network motifs, to the global level of an 
integrated transcriptional regulatory network (TRN) of a 

Abstract  Understanding genetic regulation is a prob-
lem of fundamental importance. Recent studies have made 
it increasingly evident that, whereas the cellular genetic 
regulation system embodies multiple disparate elements 
engaged in numerous interactions, the central issue is the 
genuine function of the DNA molecule as information car-
rier. Compelling evidence suggests that the DNA, in addi-
tion to the digital information of the linear genetic code 
(the semantics), encodes equally important continuous, or 
analog, information that specifies the structural dynamics 
and configuration (the syntax) of the polymer. These two 
DNA information types are intrinsically coupled in the pri-
mary sequence organisation, and this coupling is directly 
relevant to regulation of the genetic function. In this review, 
we emphasise the critical need of holistic integration of the 
DNA information as a prerequisite for understanding the 
organisational complexity of the genetic regulation system.
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cell described as a hierarchy of directional communica-
tions between the global regulators, the more specialised 
regulators and the structural genes [1]. Consequently, sev-
eral studies have proposed that the organisation of chro-
mosomal structure on the evolutionary time scale is largely 
determined by the need of spatial optimisation of TF–TG 
interactions [2–4]. However, experimental manipulations 
of the chromosomal DNA dynamics in the bacterial organ-
isms showed that the patterns of gene transcription and 
metabolism are determined by structural dynamics of the 
chromosomal DNA, rather than by the TF–TG interactions 
[5, 6]. Recent data suggesting a highly ordered dynamic 
structure of the bacterial nucleoid have provided additional 
support for the notion that modulation of the global chro-
mosomal structure might be determinative for major DNA 
transactions, including gene transcription [7–9]. It thus 
appears that we face a “chicken or egg” dilemma—on the 
one hand the TF–TG interactions are determinative for the 
chromosomal structure, and on the other hand this very 
same structure determines the regulatory interactions. In 
this review, we attempt to resolve this apparent contradic-
tion by proposing that the structural and genetic organisa-
tion of a chromosome is essentially inseparable. It is note-
worthy that, whereas the development of new technologies 
encouraged the application of cutting-edge molecular biol-
ogy, network and polymer theory approaches to model the 
chromosomes, the fundamental role of the DNA as a cod-
ing device has been largely ignored. Under the premise that 
the DNA polymer evolved primarily for the coding pur-
pose, we argue here that any holistic methodology aiming 
at comprehensive understanding of gene regulation must be 
focused on the information carrier function of the DNA as 
its essential spotlight.

Holistic methodology

In the first place, a generic difference between the holis-
tic approach and both the conventional top–down and bot-
tom–up approaches is of note. Holistic methodology does 
not imply decomposition from general to more detailed 
(analysis) as in the former, or ascendance from the detailed 
to more general (synthesis) as in the latter. Indeed, by the 
very fact of the assumption of disparate levels of organi-
sational complexity, both the top–down and the bottom–up 
modes are essentially reductionist approaches. In contrast, 
the holistic approach assumes an organisational invari-
ance (Fig. 1). But what does this organisational invariance 
imply?

Genetic regulation is crucial not only for sustaining the 
self-reproduction of a cell but also for substituting its worn-
out constituents. This implies that a genetic regulation sys-
tem, as a system consisting of physical elements, must be 
able not only to perform its primary function but also to 

perceive any internal changes of state so that it retains the 
potential, for example, to replenish its own components. 
In other words, it has to be self-referential. This peculiar-
ity of organisation becomes conspicuous when compared 
to information coding in natural language, the syntactic 
and semantic properties of which provide logically differ-
ent types of information. Syntax determines the structure of 
the rules of language and, thus, the way in which the words 
are assembled in sentences, whereas semantics determine 
the meaning of the words and so the available vocabulary. 
However, the structural rules of language cannot determine 
the meanings of the words, and nor is the vocabulary deter-
minative for the structural rules of the language (we do not 
concern ourselves with any generative mechanisms relevant 
to the formal language theory here). Therefore, viewed as 
a coding system composed of two non-convertible types 
of information, natural language is not self-referential. By 
the same token, the Jacob–Monod paradigm separating the 
gene regulatory context from the genetic information is 
at variance with self-referential organisation. Notably, we 
do not use this term in the sense of elaborated mathemati-
cal concepts of distinction, circulation, feedback, re-entry, 
recursion, etc. [10]. Self-referential organisation, as we put 
it here, implies inter-conversion of information between 
logically distinct coding systems specifying each other 
reciprocally [11]. Thus, the holistic approach assumes self-
referentiality (completeness of the contained information 
and full consistency of the different codes) as an irreducible 
organisational complexity of the genetic regulation system 
of any cell. Put another way, this implies that the structural 
dynamics of the chromosome must be fully convertible into 
its genetic expression and vice versa. Since the DNA is an 
essential carrier of genetic information, the fundamental 
question is how this self-referential organisation is encoded 
in the sequence of the DNA polymer.

Two types of information in the DNA

Recent studies have made it increasingly evident that the 
primary sequence of DNA in addition to the linear genetic 
code also provides three-dimensional information by means 
of spatially ordered supercoil structures relevant to all DNA 
transactions, including transcriptional control [12–15]. 
In this review, we adopt the previously introduced terms 
“analog” and “digital” with regard to the two logically 
distinct types of information provided by the DNA [2, 11, 
15, 16]. By digital information, we mean the unique DNA 
sequence written in distinct succession of individual letters. 
On this view, any DNA gene is a carrier of digital infor-
mation by virtue of its unique base sequence. Moreover, a 
gene conceived as an isolated piece of linear code (no mat-
ter whether this isolation occurs at the level of transcrip-
tion or posttranscriptional processing), is a discontinuous 
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entity that can be expressed or not, thus principally con-
sistent with an “on-or-off” logic and, therefore, belonging 
to digital information type. Conversely, the physicochemi-
cal properties of DNA, as exemplified by supercoiling and 
mechanical stiffness, are determined not by individual base 
pairs but by the additive interactions of successive base 
steps. Supercoiling is by definition a continuous param-
eter ranging between positive and negative values (you can 
have more or less of it), and so belongs to analog informa-
tion type. More specifically, the chirality of the DNA mol-
ecule underlies its ability to partition superhelicity between 
twist (roughly the average inclination angle of the base 
pairs integrated over the entire polymer length) and writhe 
(approximated by the average number of crossings of the 
DNA helical axis with itself). However, the DNA is a het-
erogeneous polymer, and the partition between twist and 
writhe (i.e. preferred DNA geometry) is dependent in part 
on the DNA base composition and sequence.

The organisational principle of coupling between the 
analog DNA structures and the digital patterns of gene 
expression on a genome-wide scale is just coming into 
view, but for individual genes it is understood in some 
detail. This coupling mechanism involves local binding 
effects of the chromatin architectural factors stabilising 
distinct DNA configurations in the gene promoter regions 
[17, 18]. The Escherichia coli tyrT promoter is activated 
by the nucleoid-associated protein (NAP) FIS, interact-
ing with both the RNA polymerase and three high-affinity 
binding sites arranged on the same face of the DNA helix 
in the upstream activating sequence (UAS) of the promoter 

(Fig.  2). Binding of FIS at these consecutive sites bends 
the UAS DNA coherently, thus accumulating the DNA 
torsional energy in a topologically isolated “toroidally” 
(spiral-like) coiled microloop attached to RNA polymer-
ase [19, 20]. Subsequent conformational alterations of the 
complex, driven by repartitioning of twist and writhe and 
resultant change of the exit/entry angles of the DNA micro-
loop, transmit the torsional energy to the transcriptional 
start site activating tyrT expression [17]. Such dynamic 
three-dimensional DNA structures, mediating directional 
channelling of the stored supercoil energy into promoter 
opening and gene transcription, themselves depend on the 
superhelical density [21–24]. Accordingly, recent studies 
of the promoter sequences of supercoiling-responsive gene 
classes have revealed different base periodicities [25, 26], 
and have also shown that different periodicities of the toroi-
dally coiled and planar DNA configurations affect the TF 
binding affinity [27].

In general, the regions of chromosomes that are sites 
for topological manipulation (such as, e.g., transcription 
and replication initiation sites) correlate strongly with low 
base stacking energies and high flexibility [28]. Indeed, the 
sequences at the start sites of transcription and replication 
are prone to localised untwisting, whereas the termination 
sites—and especially the regions between two converg-
ing translocases (be it a replisome or RNA polymerase)—
appear to easily adopt a writhed configuration acting as 
supercoil repositories. The emerging view is that manipula-
tion of superhelical density and regulation of partitioning 
between twist and writhe is a fundamental property of both 

Top-down approach (analysis)

Bottom-up approach (synthesis)

Holistic approach

Change of composition, loss or gain of organisational complexity 

Change of composition, organisational irreducibility

A

B

Fig. 1   Cartoon showing the 
generic difference between 
the top–down, bottom–up and 
holistic approaches. a The with-
drawal/addition of the squares 
indicates the gain and loss of 
the organisational complexity 
in the top–down and bottom–
up approaches, respectively. 
b The arrow closing on itself 
indicates an irreducible organi-
sational complexity (circularity) 
despite compositional changes 
(indicated by alterations of 
color intensity) in the holistic 
approach
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the bacterial and eukaryotic chromosomes. Furthermore, in 
both the yeast and bacterial chromosomes, the genetic and 
chromatin organisation was found to be highly dependent 
on, and likely specified by, the stacking/melting energies 
of DNA sequences [29–31]. On this view, chromosomes 
act as machines in which coordinated topological transi-
tions operating at local (e.g. transcription initiation sites), 
regional (constrained superhelical domains) and global 
(entire chromosomes) levels specify the genetic activ-
ity. How is this coordinated process linked to metabolic 
demands of a cell?

Circular organisation of the transcriptional regulation 
system

At the bottom line, global transcriptional regulation occurs 
on the interface of interactions between the transcription 

machinery and the chromosomal DNA. These interactions 
mediate the conversion of the DNA analog information into 
the digital pattern of gene expression [15, 16] specifying the 
nucleoid shape [32, 33] and eventually the cellular meta-
bolic profile [4]. Investigations of the relationships between 
the chromosomal DNA topology and the composition of 
the transcriptional machinery in Escherichia coli indicate 
that any substantial alteration of the transcription machinery 
has a potential to induce adaptive changes in DNA topol-
ogy and vice versa [11, 38, 39]. This implies that the DNA 
topology and the transcription machinery, as essential com-
ponents of the genetic system coordinating the gene expres-
sion with available metabolic energy, vary interdependently 
(Fig.  3a). Input of metabolic energy (availability of ATP) 
in turn changes the energy levels in DNA mediated either 
via gyrase (the major enzyme introducing negative super-
coils into the DNA by an ATP-dependent mechanism) or the 

A

B

C

D

E

Fig. 2   Conversion of the DNA analog information into the digital 
code by transmission of the torque stored in the microloop stabilised 
at the tyrT gene promoter. Left-handed (lh) toroidal coils are meta-
stable to right-handed (rh) plectonemic coils. Activation involves 
conversion of the left-handed into a right-handed coil thus trans-
mitting the supercoil energy to the promoter region and facilitating 
DNA untwisting at the transcription startpoint. a RNA polymerase 
(red ellipse) binding constrains a DNA microloop in the upstream 
region. b Cooperative binding of transcriptional activator FIS (green 
spheres) to site I proximal to polymerase. c Cooperative binding of 

FIS to the upstream sites II and III stabilises the closed polymerase 
complex. d Untwisting of the transcription start site and promoter 
opening (yellow ellipse) is coupled with ejection of FIS from binding 
site II. e Escape of polymerase from the promoter and initiation of 
transcription generating the digital linear message (red arrow). Right 
panel shows the AFM images of nucleoprotein complexes assem-
bled at the E. coli tyrT promoter corresponding to depicted stages (a) 
(RNAP binding alone) and (c) (RNAP and FIS binding) (courtesy S. 
Maurer)
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processive DNA translocases (replisomes and RNA poly-
merases which transiently introduce both negative and posi-
tive supercoils), and this in turn facilitates the conversion of 
DNA sequence information into “readable” form, i.e. into 
specific structures governing the gene transcription [34–37]. 
A tight coupling between the gene transcription, chromatin 
structure and metabolism was also observed in eukaryotes, 
including cancer cells [40–44]. Notably, since these three 
variables are assumed to determine each other reciprocally 
[11], this interdependence forms an operationally closed 
self-referential circuit (Fig. 3b). It is noteworthy that explo-
ration of this peculiar organisation requires an adequate 
mathematical formalism, and provoked novel self-consistent 
multiscale analyses for integrating the top–down and bot-
tom–up approaches in order to capture the ensuing circular 
causality [45]. In mechanistic terms, such interdependence 

implies a tight coordination of the chromosomal structure, 
DNA-transactions  and the cellular metabolism. 

Structural‑organisational complexity of the bacterial 
chromosome

Organisation of the DNA in the bacterial nucleoid has 
been observed at several levels, from chromosomal mac-
rodomains encompassing up to one megabase of DNA 
to several hundreds of isolated topological domains of 
10-kb average size [4, 46–48]. Recent studies employing 
5C analysis of the Caulobacter crescentus chromosome 
[49], and analyses of functional interconnections within 
the Escherichia coli chromosome [28], concluded that the 
highest order of the chromosome folding is best described 
as a simple plectoneme (see Fig. 5c, d). Organisation of the 

RNAPσS

Anabolism

TranscriptionAnab

Growth & Adaptation

TranscriptionCatab

Catabolism

RNAPσ70

A

B

Transcription
machinery

DNA topology

Metabolic energy

gyrase

ATP/ADP ppGpp ATP/ADP

Fig. 3   Structural coupling between the composition of RNA poly-
merase holoenzyme, DNA topology and metabolism in E. coli. a The 
chromosomal DNA is depicted as an interwound “plectonemic” coil. 
Preference of the vegetative and stationary phase RNA polymerase 
holoenzymes (RNAPσ70 and RNAPσS, respectively) for correspond-
ingly high or low DNA superhelical density (indicated by changing 
number of crossings in the DNA plectoneme) specifies either ana-
bolic or catabolic gene expression. The coordination of transcrip-
tional response is mediated by structural coupling between RNAP 

composition and the DNA topology, whereas both respond to changes 
of metabolism: increased ATP/ADP ratio supports gyrase activity 
and high negative superhelicity, whereas increased concentration of 
the “stringent response” regulator ppGpp supports RNAPσS forma-
tion and so the preference for relaxed DNA templates [39]. b Three 
basic components underlying the irreducible organisational complex-
ity of any living cell. Note that the organisation is essentially circular 
with all three basic components standing in relationship to reciprocal 
determination
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two chromosomal arms from the origin (OriC) to the ter-
minus (Ter) of replication (the right and left replichores) is 
less clear, suggesting either toroidally coiled or a branched 
plectonemic structure [49–52]. However, the evidence for 
toroidal coiling is based solely on periodicity patterns in 
certain chromosomal regions and would be equally com-
patible with a branched plectonemic structure.

Supercoiling of the DNA is of paramount importance for 
the compaction of the nucleoid. Compaction is facilitated 
by the highly abundant NAPs—counterparts of eukaryotic 
histones constraining the DNA supercoils and regulat-
ing global chromosomal transcription [53–59]. Available 
data indicate that, during the bacterial growth cycle, the 
crosstalk between the NAPs and the DNA topoisomerases 
regulates the overall chromosomal supercoil density home-
ostatically [13, 16, 60, 61]. Indeed, changes in the abun-
dance and composition of the NAPs, as well as of cellu-
lar topoisomerase activities, can concertedly modulate the 
chromosomal compaction, the topological domain bounda-
ries and the spatial transcription patterns [16, 62–69]. Since 
the superhelical density of chromosomal DNA is coupled 
to the metabolic state of the cell [34, 37], and can also 
change instantly under the influence of environmental fac-
tors, supercoiling acts as a mediator of the genomic tran-
scriptional response to challenge [3, 34–36, 66, 70]. Opti-
misation of this adaptive response involves cooperative 
binding effects of the NAPs competing for distinct super-
coil structures [55, 71–75]. Notably, the abundant NAPs 
predominantly recognise local DNA conformations rather 
than the DNA bases per se, exhibiting a wide and quasi-
continuous range of DNA sequence-dependent affinity [53, 
59, 74, 76] and, thus, modulating the chromosomal super-
coil dynamics and transcription in a continuous, or analog, 
mode [2]. Such graded transcriptional responses have also 
been implicated in the physiological adjustment of both the 
yeast and mammalian cell systems to environmental chal-
lenge [77–79].

Spatiotemporal organisation of genetic function  
in the chromosome

While the temporal alteration of supercoiling level during 
the bacterial growth cycle has been long known, recent 
observations suggest that negative superhelicity is not 
evenly distributed in the bacterial chromosome. In Escheri-
chia coli, the frequency distribution of the binding sites 
for DNA gyrase demonstrates a gradient from OriC to Ter 
along both replichores and, most importantly, this spatial 
gradient correlates with temporal expression of supercoil-
ing-dependent gene classes during the growth cycle, with 
early genes transcribed at high superhelicity [28, 31, 65]. 
Furthermore, the strong ribosomal RNA operons organised 
on both chromosomal arms are all pointing away from the 

origin, suggesting that during fast growth their transcription 
contributes to the accumulation of negative superhelicity in 
the Ori end of the chromosome [28, 32]. These observa-
tions imply gradients of superhelical density on both rep-
lichores from the origin to the terminus. Intriguingly, the 
chromosomal DNA sequences exhibit, on average, a gradi-
ent of DNA stacking/melting energy in the same direction. 
This pattern of DNA thermodynamic stability is strongly 
conserved in all α- and γ-proteobacteria [29, 30]. It is likely 
that this gradient in the physicochemical properties of DNA 
along the OriC–Ter axis integrates the functional response 
to changes in superhelical density and to regulation by 
abundant NAPs, constraining the DNA supercoils. Inter-
estingly, similar inferences were drawn from studies of the 
obligate symbiotic bacterium Buchnera, characterised by 
drastic genome shrinkage and very low diversity of specific 
TFs, but conservation of several NAPs and topoisomerases 
[80]. Also, the organisation of essential bacterial genes 
along the OriC to Ter axis is biased [81]. Recent study has 
revealed a distinct organisation of functional gene classes 
in the Escherichia coli chromosome with regard to their 
distance to OriC, preferred orientation with respect to OriC, 
and their DNA physicochemical properties. More spe-
cifically, the early expressed anabolic genes show leading 
strand preference, require high levels of supercoiling, are 
encoded by DNA of high average negative melting energy 
and are located in close vicinity to the replication origin; 
conversely, catabolic genes are expressed later, largely anti-
correlate with both the leading strand utilisation and high 
superhelicity, and are also more distant from the replication 
origin [30]. These observations are wholly consistent with 
previous studies [16, 29, 38, 81] and strongly suggest that 
the spatial organisation of the chromosomal transcriptons, 
physicochemical properties of the transcribed DNA and the 
metabolic function of the produced transcripts are tightly 
coupled.

How is the DNA thermodynamic stability related to the 
dynamic gene expression profile during the growth cycle? 
Relevant hints are provided by recent observation of cor-
respondence between the chromosomal order of regula-
tory genes along the OriC–Ter axis and their temporal 
expression pattern [29], in conjunction with the finding 
that translation of the gene products occurs in the vicinity 
of cognate genes [82, 83]. This implies formation of con-
centration gradients of proteins diffusing from their sites 
of production. Importantly, the frequency distributions 
of binding sites, not only for DNA gyrase but also for the 
major NAPs and RNA polymerase holoenzymes (RNAPσ70 
and RNAPσS), form spatial gradients along the OriC–Ter 
axis in the genome (Fig. 4). Under conditions of changing 
DNA superhelicity during the growth cycle, it is likely that 
these spatial binding site gradients distinctly interact with 
temporal gradients of various NAPs and RNA polymerase 



4561Integration of syntactic and semantic properties

1 3

holoenzymes, thus coordinating the transcription program 
with the growth environment [29, 32, 54, 65]. Indeed, 
analysis of the Escherichia coli growth cycle showed that, 
after commitment of the cells to growth under conditions 
of the predominance of RpoD impact and high levels of 
FIS and HUα [54], the average negative melting energy of 
the activated gene sequences in the Ori-proximal end of 
the chromosome increased continuously with oxygen con-
sumption [30] and featured anabolic genes that required 
high negative superhelicity for transcription. In contrast, 
with the onset of more anaerobic conditions characterised 
by increased impact of RpoS, Dps, Lrp and IHF [39, 54] 
both the average melting energy of the expressed sequences 
and their average distance to OriC decreased, whereby the 
transcripts of catabolic genes requiring DNA relaxation 
showed a major peak at minimal partial oxygen pressure in 
the medium [30]. These observations support the model in 
which the bacterial growth phase-dependent transcription 
program is determined by high oxygen utilisation, generat-
ing supercoiling gradients along both replichores from the 
origin to the terminus of replication [29].

Thus, spatiotemporal integration of the analog (syntac-
tic) and digital (semantic) properties of the chromosomal 
DNA code appears as a basic device coordinating the 

bacterial growth program. This coordination is facilitated 
by organising genes in a highly conserved order and orien-
tation on the Ori–Ter axis alongside the gradients of DNA 
thermodynamic stability and superhelicity in both chro-
mosomal replichores. Accordingly, the communications 
between the chromosomal regions harboring functionally 
related genes are also coordinated both in space and time 
(Fig.  5). The structure of the underpinning network—as 
opposed to the hierarchical structure of the TRN—is lack-
ing any major organising entity and is correspondingly 
heterarchical (essentially circular), wholly consistent with 
the demand of self-referential organisation [11, 29].

Further insights into this organisation are provided by 
recent observation of dynamically appearing functional 
domains (FDs) of variable gene expression densities with 
boundaries separating distinct functional groups of the 
genes on the chromosome [30]. These spatially delimited 
domains vary in size, but can extend over hundreds of kilo-
bases and harbour sets of coherently expressed sequences 
which demonstrate characteristic couplings of the DNA 
thermodynamic stability, preferred supercoiling regime 
and encoded gene function. Thus, at the level of the entire 
chromosome, the separation of the regulatory and coding 
sequences assumed in the Jacob–Monod paradigm becomes 

Spatial 
gradients
of regulatory 
binding sites

Temporal 
gradients 
of regulatory 
proteins

S70

Time

Gyrase

cbpAdps

crpgyrB

hupA

fis

hupB

stpA

lrp

ihfA

ihfB hns

rpoD rpoS

topA

topBgyrA

Gene order
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σ σ

Fig. 4   Spatiotemporal gradient model of gene regulation. The chro-
mosomal arms aligned along the OriC–Ter axis are indicated by 
horizontal black line. The order of global regulatory genes (encod-
ing  NAPs, topoisomerases and the RNAP sigma factors rpoD and 
rpoS) is indicated along the OriC–Ter axis. This spatial order corre-
lates with their temporal expression pattern. The colored triangles, 
labelled Gyrase, σ70 and σS, approximate the genomic distribution 
frequencies of the DNA binding sites for DNA gyrase, the vegetative 
RNAPσ70, and the stationary phase RNAPσS along the OriC–Ter axis 
(binding sites of other regulators are omitted for simplicity) [29]. The 
gradients of regulators diffusing from their production sites [81, 82] 

are indicated by colored triangles below the ordered genes. The size 
of the triangles is arbitrary and the color distinguishes the regulators 
produced from the early (blue/green) or at the late (red/pink) stages of 
growth. The thick and thin dotted curves, respectively, approximate 
the cell growth and oxygen consumption during the growth cycle 
[30]. The time flow is indicated by the grey horizontal arrow. The 
model proposes that changing interactions between the temporal gra-
dients of regulatory proteins and spatial gradients of genomic binding 
sites determine the growth phase-dependent chromosomal dynamics 
and thus the gene expression patterns
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somewhat blurred. Notwithstanding the distinctive role of 
the gene promoters in initiating transcription, they appear 
as local supercoil-channelling devices largely subordinated 
to, and coordinated by, the structural dynamics of extended 
chromosomal functional domains. However, the promoters 
of major regulatory genes often carry local signatures, such 
as, e.g., curvatures or GC-rich regions upstream of the tran-
scription initiation sites (discriminators). These signatures 
can both act as topology sensors and determinants of the 
expression strength [13]. Given that the chromosomal order 
of major regulatory genes corresponds to their temporal 
expression [29], it is conceivable that the transient domains 
of coherent gene expression (FDs) reflect the temporally 

changing inputs of the global regulators in the protein 
gradients cooperating and competing for binding the spa-
tial gradients of the DNA sites in the chromosome. On 
this view, the FDs manifest spatiotemporally coordinated 
chromosomal domains selectively expressing particular 
sequences with characteristic analog and digital properties 
in response to changing growth environment (Fig. 6).

Dynamic changes of the chromosome structure as a 
means of controlling the genomic expression is consist-
ent with models in which the gene organisation and over-
all superhelicity are determined in large part by the trans-
locase activity of the replisomes. During periods of rapid 
replication when each replichore may contain at least three 

-σ -σOriC Ter OriC Ter

Ter OriC Ter

Exponential
(expansion)

Stationary
(shrinkage)

OriC Ter OriC

Ori

LNS

RNS
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RNS

Left
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A B

C D

E F
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Fig. 5   Changes of the E. coli chromosome morphology, the super-
coiling gradient and intra-chromosomal communications during the 
growth cycle. a, b The outer circle shows chromosomal macrodo-
mains coded in colors: Ori green, Right red, Ter light blue, Left blue. 
The left (LNS) and right (RNS) non-structured domains are indicated 
in black. The second circle shows increased (red) and decreased 
(blue) chromosomal density distributions of the expressed genes dur-
ing exponential growth (a) and on transition to stationary phase (b). 
The connecting lines inside the circles accordingly indicate increased 
(red) and decreased (blue) communications between the chromosomal 
domains harboring functionally related genes [29, 30]. The origin 
(OriC) and terminus (Ter) of chromosomal replication are indicated. 

c, d The changes of the bacterial chromosome morphology. The chro-
mosome is depicted as a simple plectoneme with interwound arms 
aligned along the OriC–Ter axis. Decrease of the overall superhelicity 
(indicated by reduction of crossings) and shrinkage along the OriC 
to Ter axis occur during transition from exponential (c) to stationary 
phase (d) (Mircea Petrescu and G.M., in preparation). e The proposed 
spatial gradient of DNA negative superhelical density (-σ) extend-
ing along the OriC–Ter axis during the exponential phase, and f the 
flattening of gradient (indicated by change of shape) on transition to 
stationary phase. In principle, the level of superhelicity assumed in 
stationary phase need not correspond to the lowest level in exponen-
tial phase



4563Integration of syntactic and semantic properties

1 3

replication forks, the boundaries between macrodomains 
are necessarily disrupted, if only transiently, by the passage 
of a replisome. Similarly, because the affinity of certain 
“domainin” NAPs (such as FIS and H-NS, which stabilise 
topological domains in the chromosome) [67] for DNA 
depends on superhelical density, their activity and target 
sites will potentially vary with growth phase and act in con-
cert with changes in their intracellular concentration. Such 
considerations suggest that models invoking a purely static 

compartmentalisation of the bacterial chromosome are at 
best an oversimplification.

It is noteworthy that, whereas in Escherichia coli the 
changing chromosomal dynamics and spatial organisa-
tion of transcription correspond to different successive 
regimes of oxygen consumption, in cyanobacteria the cir-
cadian rhythms also appear to be regulated by supercoiling 
dynamics [84, 85]. Furthermore, a similar organisational 
logic is observed in regulation of the respiratory oscillation 
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Fig. 6   Organisation of the dynamic functional domains (FDs) in 
the E. coli chromosome. a The chromosomal wheel showing the 11 
detected functional domains (FD1–FD11) with approximated bounda-
ries (black lines) as indicated [30]. The outermost ring represents the 
static borders (red) separating functionally related groups of genes in 
the chromosome. The middle ring represents the distribution of struc-
tural domains with dynamic borders (red) delimited by distributions 
of DNA analog information in the chromosome. The innermost ring 
shows the static chromosomal macrodomains indicated as in Fig. 5. 
b A rod with three triangles representing the three basic coupled ele-
ments of the genetic system. In each triangle the three sides (1, 2 and 
3) correspond to different values of the same single DNA informa-
tion type in the expressed sequences—either thermodynamic stability, 
negative superhelicity or metabolic function (note that the first two 
belong to analog, while the third to digital information type). Coor-
dination of analog and digital information (shown on the example of 
in the arbitrarily chosen domain FD9) occurs by virtue of inherent 
structural coupling, as all these three parameters are “inscribed” in the 
primary sequence of the DNA. This structural coupling is indicated 

by an imaginary symmetry axis connecting the triangles (horizontal 
rod). The alteration of coupled parameter values during the growth 
is indicated by concerted rotation of triangles around the symme-
try axis (red arrows; in principle, the distinct parameter couplings 
can be conceived as different shapes of the same symmetry group). 
c Gradient model of domain stabilisation. The depiction of chromo-
some, temporal gradients of the global regulators, spatial gradients of 
regulator binding sites and color-coding are as in Fig. 4. The borders 
between the 11 FDs are indicated by vertical grey lines and labelled 
by numbers (separated by a slash) corresponding to the neighbour-
ing domains. Note that the positions of many regulatory genes closely 
coincide with the domain boundaries. The model suggests that, during 
growth, the changing interactions between the temporal gradients of 
regulators and the spatial gradients of chromosomal binding sites dis-
tinctly modulate the DNA supercoil dynamics leading to stabilisation 
of FDs. Since FDs harbour functionally related genes, their transient 
stabilisation during the growth cycle serves as a device instantly sens-
ing and converting the supercoil energy into a corresponding meta-
bolic profile
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of the transcriptome in the yeast chromosomes where the 
two gene superclusters, one for anabolic and another for 
catabolic function, are used successively during high and 
low oxygen uptake, respectively [43]. Each supercluster 
has a characteristic sequence organisation and is subject 
to different effects of ATP-dependent remodelling machin-
eries, whereby the genome-wide oscillations of transcrip-
tion are assumed to gate synchronous bursts of DNA rep-
lication [44]. More specifically, the temporal separation 
between the oxidative and reductive phases in a continuous 
yeast culture was shown to propagate throughout the entire 
transcriptome coordinately with the initiation of DNA 
replication.

Conclusion

Observations in both the bacterial and eukaryotic systems 
suggest that chromosomes act as thermodynamic machines 
converting the supercoil energy into genetic informa-
tion [11, 15, 28]. In both cases, structural coupling of the 
two—analog and digital—information types in the very 
same DNA primary sequence organisation enables a unique 
response to metabolic demand mediated by stabilisation of 
appropriate spatially delimited chromosomal domains with 
corresponding physiologically relevant genetic activity. 
Thus, it appears that, for both the bacterial and eukaryotic 
chromosomes, the genetic and chromatin organisation are 
inseparable and coming to light as one integrated whole 
[81, 86, 87]. This device inherent in the primary sequence 
organisation of the chiral DNA polymer is sufficient to 
specify a self-referential organisation and explain the coor-
dination of the genetic programs in space and time. On this 
view, the DNA architectural proteins acting according to 
the cellular physiological state, such as NAPs in bacteria 
and remodelling complexes in eukaryotes, serve as auxil-
iary factors optimising the delivery of the integrated DNA 
information.

Holistic methodology impinges on the experimental 
approach. It suggests seeking self-reference instead of lin-
eal causality in exploring the interdependences between the 
chromosome-structuring, chromosome-reading and meta-
bolic–enzymatic components of the genetic regulation sys-
tem. Can a coordinated change of all these coupled com-
ponents be induced by alteration of any single component? 
Is it possible to discover “synthetic lethality” by combin-
ing mutations in two non-essential but interdependent ele-
ments? And can we identify any specialised structures 
formed by interactions between the coupled components? 
These questions are the predictions from the assumed 
organisation (see Fig. 3) that can be readily tested. In this 
respect, previous observations associating the mutations 
in metabolic enzymes with changes of the chromosomal 

topological domains [67], and mutations altering the kinetic 
properties of RNA polymerase with changes of both DNA 
supercoil dynamics and the metabolic profile [38, 88], are 
revealing. Communications between distinct molecular 
components of the coupled system could be facilitated by 
their consolidation in “hyperstructures” [89, 90], as sug-
gested, for example, by the observed cooperation between 
the nucleoid-associated protein HU and RNA polymerase 
in forming the transcription foci [32]. We propose that the 
interactions between the spatiotemporal gradients of the 
global regulators and spatial gradients of the chromosomal 
binding sites can specify the transient boundaries of the 
FDs. Whereas different constellations of the FDs appear 
to mediate the coordination of the chromosomal supercoil 
energy with genetic function during the growth cycle, the 
extent to which the FDs can retain their observed character-
istics on transplantation into different chromosomal envi-
ronments remains an open question. Overall, their organisa-
tional properties closely resemble those of the horizontally 
acquired genomic pathogenicity islands [91], suggesting 
variations on a common theme.
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