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Abstract

The organization of transcription within the eukaryotic nucleus or the prokary-
otic nucleoid may be expected to both depend on and determine the structure
of the chromosomes. In yeast and bacteria, genes that are controlled by the
same sequence-specific transcription factor tend to be either clustered or regu-
larly spaced along the chromosomes. The same spacing is found for most tran-
scription factors within a chromosome. Furthermore, in bacteria, the gene en-
coding the transcription factor tends to locate at identical regular intervals from
its targets. This periodicity is consistent with a solenoidal epi-organization of the
chromosome, which would dynamically gather the interacting partners into foci.
Binding at genuine regulatory sites on DNA would thus be optimized by locally
increasing the concentration of transcription factors and their binding sites. As
many transcription factors are simultaneously active and some share targets, the
resulting collection of foci provides a potent self-organizational principle for the
chromosome, and consequently for the functional nuclear architecture.
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Synopsis

Biologists now have access to a virtually
complete map of all the genes in the human
genome. Researchers are aggressively as-
sembling a similarly detailed knowledge of
the ‘proteome’ - the full collection of pro-
teins that are encoded by those genes. And
they are going further, probing the ‘tran-
scriptome’ - the diverse set of mRNA mol-
ecules that link genes to proteins and serve
as templates for protein manufacture. In
broad outline, the fundamentals of molec-
ular biology are simple: information flows
from genes to mRNAs (through the pro-
cess of ‘transcription’) and then from
mRNAs to proteins (through ‘translation’).
Yet this picture leaves out an immense
backdrop of complex feedback, and there
remains a deep mystery: how is the overall
process of gene expression controlled?
How are genes turned on and off with such
delicate and adaptive precision?

Even the most basic processes continue
to turn up surprises. Until a few years ago,
for example, biologists believed that mRNA
molecules - once ‘read out’ from the genes
—almost always went on to direct the man-
ufacture of specific proteins. No one sus-
pected that regulatory dynamics might op-
erate well downstream from transcription,
based on so-called ‘RNA interference’. Re-
searchers now understand that the inter-
mediary RNA molecules can be marked
out for destruction, effectively ‘silencing’
the expression of their associated gene.

The regulation of genes is also influ-
enced by other factors, such as physical
geometry. Within our chromosomes, the
double-stranded DNA molecule wraps
tightly around a range of molecules called
histones, forming a beaded structure,
which then twists into a secondary helix on
a larger scale. The resulting ‘chromatin fi-
ber’ is then packed into yet more complex
structures at higher levels to yield the basic
material of the chromosomes, a material
that evolves dynamically, becoming more
or less compact depending on the state of
the cell. In so doing, it allows regulatory



Introduction

Predictingthe three-dimensional struc-
ture of chromosomes from the primary
DNA sequence has become an important
goal, as genomic and transcriptomic data
are now generated at an elevated pace. The
transcription-based solenoidal model of
chromosomes represents a step towards
this goal. This model connects transcrip-
tomic data to the functional and spatial
organization of chromosomes. This paper
outlines the model and describes some
of its supporting evidence and conse-
quences.

Observations

Individual gene transcription is modu-
lated by sequence-specific transcription
factors (TF).A TF is a protein that binds to
a specific DNA site in the regulatory region
of its target gene to activate or repress its
transcription. Both in the eukaryotic bak-
er’s yeast Saccharomyces cerevisiae [1] and
in the prokaryotic enterobacterium Esch-
erichia coli [2], target genes that are con-
trolled by the same TF tend to be either
clustered or regularly spaced along the
chromosome. The same spacing is ob-
served for most TFs within the E. coli cir-

cular chromosome in the nucleoid or with-
in any of the 32 yeast chromosome arms in
the nucleus. Importantly, the periods differ
among the yeast chromosome arms and
among four different E. coli strains. Fur-
thermore, in E. coli, target genes locate at
periodic intervals from the gene encoding
their TE The TF/target and target/target
regular periods are both 1/50th of the
chromosome circumference. This TF/tar-
get pattern is more pronounced than the
target/target one, thereby suggesting that
the former causes the latter [2]. In S. cere-
visiae, no specific location of the TF’s gene
with respect to its target genes is observed.
However, replication initiation sites are
sometimes found to locate at regular inter-
vals equal to the transcriptional period of
the same chromosome arm [1].

These findings relied on the analysis of
datasets that relate each TF to a list of its
targets determined by bench experimenta-
tion, not by sequence-based prediction. Ei-
ther the list was mined from the literature
[3,4] or it was obtained with a recent high-
throughput method called chromatin im-
munoprecipitation [5,6]. The data analysis
is depicted on figure 1.

Fig. 1. Analysis of the distance between regularly spaced genes. The distances are multiples
(denoted by numbers) of one period, corresponding to a fixed number of base pairs. Dark rect-
angles represent targets of one TF, light rectangles represent targets of a second TF. For the sake
of clarity, only the distances from the first occurrence of each target type are recorded here.
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molecules to access the genes, or inhibits
access instead. The three-dimensional
structure of DNA packing in chromosomes
has a great deal to do with genetic regula-
tion, even at the initial level of gene tran-
scription.

Yet many of the geometric details of
chromosome structure remain unknown.
And in the present paper, Képes and Vail-
lant take a step toward filling in the picture.
They examine the character of chromatin
— the chromosomal material of packed
DNA - at an intermediary level, and offer
evidence to suggest that a specific ‘solenoi-
dal’ topology of the packed DNA plays an
important role in the regulation of tran-
scription. Transcription factors are pro-
teins that bind to specific sites along the
DNA to either activate or repress the ex-
pression of certain genes. Earlier studies in
two organisms — the yeast Saccharomyces
cerevisiae and the bacterium Escherichia
coli - have shown that the target genes reg-
ulated by a transcription factor tend to be
spaced in a regular, periodic way along the
DNA with periods ranging from 10-100
genes (or roughly 20-100 kbp). This
striking periodicity would seem like more
than an accident; Képes and Vaillant
believe that it has structural and regula-
tory significance.

Specifically, they propose that this peri-
odicity reflects a higher-level coiling of the
chromosomal DNA that brings many co-
regulated genes together into one location,
providing easy and efficient access for their
associated transcription factors. They fur-
ther argue that this coiling may be caused
by the very dynamics that it allows. The
coexistence of several target genes in one
physical location should act to bring
transcription factor molecules into that re-
gion. In turn, a higher density of transcrip-
tion factors should recruit more target
genes. Képes and Vaillant suggest that this
transcription-based nonlinear feedback —
driven by the kinetics of sequence-specific
binding between transcription factors and
their target genes — may be the force that

Transcription-Based Solenoidal Model of Chromosomes



Fig. 2. Various arrangements of a
the DNA fiber. Dark rectangles rep-
resent targets of one TF, light rect-
angles represent targets of a second
TF. a Linear. None of the TF targets
are spatially clustered. b Radial
loops or rosettes. The dark targets
are clustered, but the light ones can-
not be grouped. ¢ Solenoidal loops.
Both target sets are clustered, even
though a few individual targets may
not be at the proper position.

E e t el S

Transcription-Based

Solenoidal Model of

Chromosomes

Based on these results, a solenoidal to-
pology of chromosomes was proposed. Es-
sentially, this model posits that the inter-
acting partners, i.e. several copies of a giv-
en TF and of its DNA binding sites, gather
within the nucleus/nucleoid into small
subvolumes called foc’. A TF may some-
times be found in a small number of foci
that each contain a different group of target
genes. Conversely, one focus may some-
times contain a few TFs of different types
that, together, regulate common target
genes.

Képés/Vaillant

Spatial confinement of target genes,
each with several binding sites, synergisti-
cally recruits more of their TE In turn, el-
evated concentration of the generally biva-
lent TF synergistically recruits more bind-
ing sites. This self-stimulating loop
eventually increases the local concentra-
tions of both TFs and binding sites. A sim-
ilar mechanism is at play in immunopre-
cipitations, where the antigen is polyvalent
with respect to the polyclonal antibody,
and theantibody is bivalent. Here, the poly-
valent antigen corresponds to the polyva-
lent (several binding sites) target gene,and
the bivalent antibody corresponds to the
bivalent TE Immunoprecipitation results
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drives the DNA to fold into a roughly sole-
noidal topology, thereby making transcrip-
tion and genetic control more efficient.

In the paper, the authors describe this
elegant hypothesis and present some of the
evidence in its favor. They also examine a
number of puzzles that the idea would nat-
urally explain, and a series of definitive
predictions that might be used to test the
hypothesis in the near future. The manu-
script offers the full detail; I summarize a
few of the main points here.

Evidence

As the authors argue, several pieces of
evidence point to the solenoidal structure
for DNA within the chromosomes and its
origin in transcriptional dynamics:

For different chromosome arms in
yeast, and in distinct strains of E. coli, the
positioning of the target genes along the
DNA reveals clear periodicities, not only
for one transcription factor, but for many
distinct factors (see their references 1 and
2).Moreover, within any chromosome arm
or bacterial strain, the spacing of these
genes is always the same. Given that the
target genes for different transcription fac-
tors are highly interspersed along the DNA,
the most likely way to account for these
many periodic patterns — all having pre-
cisely the same period — would seem to be
through a fundamental geometric expla-
nation. A solenoidal coiling of the DNA is
the simplest and most obvious geometric
structure that serves the purpose.

In principle, one might suppose that
this solenoidal structure could be enforced
through the chemical action of some dedi-
cated physical scaffolding about which the
DNA might wind. Yet the target-gene peri-
odicities are different on different yeast
chromosome arms and in the distinct
strains of E. coli, whereas one might expect
a constant period if DNA were wrapped
around a dedicated physical scaffolding.
Hence,a more plausible origin for the sole-
noidal structurelies in a dynamic feedback
between the transcription factors and the

173



from cross-linking many antigens and an-
tibodies. By analogy, high cooperativity
and elevated local concentration result
from cross-linking many binding sites
and TFs.

In both yeast and bacteria, this elevated
local concentration favors TF binding at
specific DNA sites, thereby sequestering
the TF away from spurious DNA binding
sites. Furthermore, in bacteria, a protein is
synthesized near its encoding gene in the
frequent case where its polymerization ini-
tiates from messengers that are still teth-
ered to DNA by ongoing transcription [7].
When the bacterial protein is a TE the
model implies that this TF will be pro-
duced near its target genes, thereby reduc-
ing the search time between synthesis and
binding at appropriate DNA sites.

One way to achieve this local concentra-
tion effect is to cluster these genes along
the linear structure of the DNA: ‘1-dimen-
sional (1-D) clustering’. However, the un-
branched structure of DNA and the span of
some genes pose limits on the number of
genes that may be clustered by being con-
tiguous. A second way to increase local
concentration beyond the limits of linear
contiguity is through 3-dimensional (3-D)
spatial proximity: ‘3-D clustering’. We pro-
pose that the most parsimonious way to
accommodate the hypothetical 3-D clus-
tering and the observed regular spacing is
a solenoidal model of the chromosome,
where the regular period would corre-
spond to one turn of the solenoid.

Evidence for the Model

The transcriptomic evidence in favor of
this solenoidal model is as follows [1, 2]:

(1) Regular spacing for one TF does not
demonstrate 3-D spatial proximity in a so-
lenoid. However, the finding of an identical
period for most TFs along any given chro-
mosome (arm) strongly constrains the in-
terpretation, because their genes and their
targets are interspersed throughout the
whole chromosome. Only a generalized
loop model, with a solenoidal rather than
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aradial or toroidal topology, can parsimo-
niously account for period invariance both
for interspersed genes and for the whole
chromosome (fig.2). In other words, peri-
od invariance must reflect the propagation
along the whole chromosome of a local
constraint generated by gene interspers-
ing. This constraint is strengthened by the
high number of TFs that function simulta-
neously and must share the circumference
of the solenoid seen in face view (fig. 3a).

When a TF locates in more than one fo-
cus, it should correspondingly be found at
several positions along the circumference
of the chromosomal solenoid seen in face
view. Conversely, when a focus contains
more than one TF species, these different
TFs should form a group along the circum-
ference, probably to simultaneously regu-
late common target genes.

(2) The alternative would be that period
invariance reflects a dedicated scaffold
holding DNA in a solenoidal configuration,
much like histones constrain DNA struc-
ture at a smaller scale. In this case, one
would expect a constant period among
yeast chromosomes, unless the scaffolding
molecules have chromosome-dependent
properties or unless different chromo-
somes have a highly divergent content. In-
stead, the periods differ among chromo-
somes.

(3) Eukaryotic centromeres are poorly
transcribed regions and would thus stop
the propagation of the above-discussed lo-
cal constraint if it were of a dynamic na-
ture.Indeed, the period often changes dra-
matically as centromeres are crossed, al-
though it remains constant over a whole
chromosome arm spanning up to 50 peri-
ods (fig. 3b). Hence, this observation
strongly supports the notion that periodic-
ity has been shaped by the dynamics of
transcription.

(4) Because the bacterial chromosome
is circular, the regular spacing imposes
that the period be an exact fraction of its
full circumference. It appears to be the case
inall four studied E. coli strains, as the ma-
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genes they regulate, which would produce
a structure having a periodicity matched
to the genes in each case.

The transcriptional origin of the sole-
noidal structure is also implicated by the
empirically observed disruption of gene
periodicity around the centromere — the
central region of a chromosome. The peri-
odicity of the target genes changes at the
centromere, being different on the arms to
either side. Significantly, it is well known
that transcriptional activity is suppressed
in the centromere. Hence, the solenoidal
structure is least pronounced at precisely
the point where a transcription-based ex-
planation would predict.

In the case of bacteria, the chromo-
somes are circular. Hence, the solenoidal
hypothesis demands that the gene period-
icity in this case must be a precise fraction
of the overall chromosome length. As Ké-
pes and Vaillant note, this appears to be the
case: ‘in all four studied E. coli strains, the
major period is exactly 1/50th of their
chromosome circumference’.

What the Hypothesis Explains

The solenoidal hypothesis offers simple
explanations for a number of otherwise
puzzling findings:

A major puzzle of gene transcription is
that many sites along the DNA present
transcription factors with excellent bind-
ing opportunities, yet these factors (pro-
teins) do not in fact bind there. Transcrip-
tion factors somehow manage to bind to
their specific target sites even when other
sites would allow stronger binding. Why?
Képes and Vaillant note that an explana-
tion follows readily from their hypothesis,
at least for bacteria with no nuclear enve-
lope in which transcription and transla-
tion are not physically seperated. In this
case, as they point out, the genes that en-
code transcription factors also follow the
very same periodicity relationship as the
target genes. Consequently, the transcrip-
tion factors should be produced on the sur-
face of the solenoid quite nearby the very

Transcription-Based Solenoidal Model of Chromosomes



Fig. 3. Solenoidal model. a Face
view of the topology of a prokary-
otic chromosome or eukaryotic
chromosome arm. Tens of TFs can
be simultaneously active. Targets
of a few of these numerous active
TFs have been represented on this
solenoid. Thus, one rectangle cor-
responds to several targets (super-
imposed in this face view) of the
same TF. The circularity of the pro-
karyotic chromosome is not taken
into account here. b Side view of
the topology of a eukaryotic chro-
mosome. Poorly transcribed regions
such as centromere and telomeres
do not propagate the local con-
straint imposed by the dynamics
of transcription. Therefore, each b
chromosome arm is an indepen-

dent solenoid. Indeed, in yeast, the

right and left arms of a chromosome

often have a different period, rep-

resented here by a different diam-

eter. Each rectangle of panel a cov-

ers most turns of the solenoid, as

shown here by one long rectangle.

Face view

Side view

In essence, this rectangle depicts Leftarm

the volume where many copies of

one TF and its binding site are lo- I W UIN

cally concentrated. In the interest of Left Centromere ) § § Y ¥ ¥ Risht
clarity, only one rectangle per arm telomere " telomere

has been represented, but there
should be one rectangle per active
transcription cluster.

jor period is exactly 1/50th of their chro-
mosome circumference.

(5) 1-D clustering optimizes transcrip-
tional initiation by focusing a TF and its
multiple target DNA binding sites to in-
crease their local concentrations [8,9]. For
the sake of parsimony, a common mecha-
nistic explanation is proposed here for
both 1-D and 3-D clustering. Thus, to in-
crease local concentration as does 1-D
clustering, the periodically spaced sites
must be spatially grouped, thereby achiev-
ing 3-D clustering.

Képés/Vaillant

! |

Additional Remarks

(1) To be imprinted on today’s genomes,
this optimizing principle must be evolv-
able and selectable, otherwise shuffling
mechanisms such as recombination would
have erased its traces. That it is selectable
was already apparent from the studies on
the trivalent lactose operator and its biva-
lent repressor [8, 9]. As spurious binding
sites constantly arise through mutations,
selective pressures have probably been
quite strong to avoid unspecific binding by
exploiting this local concentration effect.
That it can evolve to the present situation
under selective pressure is a reasonable as-
sumption, as all it asks for is coevolution of
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genes that are their targets. The solenoidal
structure creates a physical proximity —
not obvious from the DNA sequence itself
— that can explain the puzzle of transcrip-
tion factor specificity.

Another mystery of regulation is the re-
markable speed with which transcription
factors are able to find and act upon their
target genes. If these proteins have to
search the entire DNA strand, then regula-
tion should take place slowly as the mole-
cules take time to diffuse and find their
specific targets. But this mystery vanishes
if the transcription factors start out nearby
their targets on the solenoidal surface. The
solenoidal arrangement would help tran-
scription factors to do their work rapidly.

On another general point, it is some-
what surprising, at least naively, that the
regulation of genes takes place at all, given
the dense packing of the DNA within the
chromosome. This is less mysterious if
DNA packing takes place precisely in a way
that helps transcription factors to locate
and bind to their targets efficiently.

Predictions

Finally, the solenoidal hypothesis natu-
rally makes several predictions that might
easily be tested in the future:

If the solenoidal structure plays a major
role in enabling transcription, then one
would expect the same kinds of periodici-
ties to be found among the target genes of
transcription factors in other organisms.
Studies extended beyond S. cerevisiae and
E. coli should find similar results.

If gene periodicity plays a key role in the
regulation of transcription, then the depar-
ture of genes away from the preferred loca-
tion should have specific consequences.
In particular, transcriptional efficiency
should vary with the location of target
genes, with those located more precisely at
the proper periodic position being ex-
pressed more strongly than those displaced
further away.

Also, if the placement of target genes
within the periodic scheme is so important
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Fig. 4. Extending the concept of lo-
cal concentration effect. Clustering
ensures that the local concentration
of both TFs and binding sites is high
in the active areas, a self-sustaining
and self-enhancing process. Line:
Chromosome; rectangle: bivalent
TF. a From intragenic to intergen-
ic. The boundaries of one gene on
the chromosome (light) are shown
for scale. The bivalent TF bridges
two remote segments of the chro-
mosome. b From intrachromosom-
al to interchromosomal. A second
chromosome (dark) is shown. Now
some bivalent TFs bridge both chro-
mosomes.

1 gene ‘

‘ Another chromosome

target positions with respect to each other.
This multiple and simultaneous coevolu-
tive process has no reason to converge to
any particular period, and this remark is
compatible with the observed variety of
periods.

(2) There are still some limitations to
the periods that will eventually be reached
[10]. For instance, periods cannot be too
short due to the stiffness of the DNA-pro-
tein fiber (no less than 8-9 kilobase pairs
(kbp) in eukaryotes [11]). Periods cannot
be too long either, otherwise regulatory
sites may not recur often enough to accom-
modate the transcriptional scheme. In E.
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coli K12, the major period is 92.8 kbp, i.e.
about 100 genes, and there are minor peri-
ods at 46.4 and 371.2 kbp (0.5- and 4-fold
the major period, respectively). In S. cere-
visiae, the periods vary among arms from
about 9-50 kbp, with an average of 22 kbp,
i.e.about 10 genes.

(3) Thesolenoidal model maybe viewed
as an extension of the local concentration
concept from the intragenic [8,9] to the in-
tergenic situation (fig.4a), furthered in eu-
karyotes by an extension from the intra-
chromosomal to the interchromosomal
situation (fig. 4b).
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- as it places these genes in physical prox-
imity with one another and with their tran-
scription factors — then any disturbance of
the periodic structure should have a detri-
mental effect on transcription. In particu-
lar, the random insertion or deletion of
sections of junk’ DNA from the DNA strand
should disturb the precise periodic organi-
zation and have measurable consequences
for transcription.

As the authors emphasize, their hypoth-
esis suggests that DNA coils into a solenoi-
dal ‘topology’ rather than a strict solenoi-
dal‘geometry’. There is no suggestion that
the DNA falls into a perfect geometric tube.
It is only necessary that the coiling brings
the various target genes into the same
neighborhood; hence, once should expect
local distortions of the tube-like struc-
ture.

This hypothesis appears to offer an el-
egant account of a diverse range of obser-
vations, and to provide the motivation for
a number of potentially illuminating ex-
periments.

In addition, it may well provide an in-
tuitive framework for understanding the
great versatility of the cellular transcrip-
tion machinery, which responds in a con-
certed and adaptive fashion to environ-
mental changes. As the authors have sug-
gested elsewhere, such adaptive power
might arise if ‘alternative solenoids’ were
imprinted on the same chromosome,
thereby facilitating a rapid and tightly or-
chestrated transcriptional response to new
environmental demands.

Mark Buchanan

Transcription-Based Solenoidal Model of Chromosomes



Fig. 5. Imperfect solenoidal topol-
ogy. Some arcs of the solenoid may
be replaced by shorter (right side)
or longer (left side) segments (in
black). The high number of target
clusters (only two are represent-
ed here) poses limits on such de-
viations from perfect topology. The
data indicate that such deviations
do not occur frequently.

(4) The solenoidal topology should not
be understood as a perfect solenoidal ge-
ometry. The only requirement is that the
many active transcriptional foci must co-
exist in various places of the nucleus/nu-
cleoid, with the understanding that they all
contain DNA sites that are equally spaced
from each other, hence the solenoidal to-
pology. As many TFs are simultaneously
active and some share targets, the resulting
collection of foci provides a potent organi-
zational principle for the genome.

(5) One could imagine that, between
two successive sites corresponding to two
different TFs, it would be possible either to
pull on the DNA rope or to push in a long
extra DNA loop (fig. 5). While this is cer-
tainly possible, it would increase the back-
ground noise in the target/target or TF/tar-
get distance distributions. The results [1,
2] indicate that such phenomena, if any,
must be limited.

Circumstantial Evidence

A wide spectrum of data originating
from unrelated studies provides circum-
stantial evidence for the solenoidal
model.

Képés/Vaillant

Extra
tension

As far as eukaryotes are concerned, the
yeast results [1] support a correlation be-
tween chromosomal position, transcrip-
tional activity and replication origin. This
is reminiscent of the proposed correlation
in mammalian nuclei between chromo-
somal territories, distinct transcriptional
activity levels and replication timing [re-
viewed in 12]. This analogy is strength-
ened by the observation that these mam-
malian territories of ~1,000 kbp [12], the
supercoiled loops in interphasic Drosophi-
la DNA of ~85kbp [13], the yeast DNA rep-

licons [14] and transcription loops [1] all
comprise about 10-15 genes on average.
Moreover, imaging metazoan nuclei has
unveiled thousands of small mRNA foci
that each comprise 14-20 different tran-
scription units [15, 16], which is fully con-
sistent with 3-D clustering. A link between
chromosome structure and transcription-
al dynamics is also provided by the obser-
vation that mRNA synthesis inhibitors dis-
perse DNA sequences originally confined
to distinct regions and increase DNA loop
mobility [17, 18]. Obviously, results with
yeast must not be extrapolated to animal
and plant cells without proper evidence. In
the literature, 1-D contiguity, but not regu-
lar spacing, had been reported both for an-
imal coexpressed genes and for yeast co-
regulated genes [19, 20]. Table 1 summa-
rizes the various cases reported in the
literature [1, 2,19, 20].

As far as prokaryotes are concerned, the
3-D clustering model predicts that tran-
scription foci and long-range DNA loops
should dynamically self-organize in the
nucleoid, especially around the most active
transcription units. Indeed, morphologi-
cal approaches on live cells demonstrate
discrete foci, each comprising hundreds of
RNA polymerases engaged on the rRNA
encoding operons in Bacillus subtilis [21]
or containing TFs in E. coli [22]. Various
structural and biochemical approaches
suggest that, in actively growing E. coli

Table 1. Types of clustering between coregulated targets or between the gene

encoding a TF and its targets

Organism Distance: Target/target TF/target
Clustering 1-D 3-D 1-D 3-D
Bacteria + + + +
Yeast + + UA UA
Animal + ND UA UA
+ = Observed; ND = not determined; UA = unapplicable.
Complexus 2003;1:171-180 177



cells, there would be ~50 independent loop
domains per genome [23, 24], consistent
with the transcriptomic results [2].3-D fo-
cusing is expected to depend on transcrip-
tional activity. Indeed, starvation reduces
the transcription rate and disperses the
polymerases [21]. Along the same lines, in
vivo structural data indicate that the num-
ber of loop domains drops as bacteria are
grown on a poor medium [25] or enter the
stationary phase [26].

Explanatory Power

The concept of a genome-level tran-
scriptional scheme provides a framework
to explain heterogeneous and puzzling ob-
servations, including:

(1) The specificity of transcriptional
and replicational regulations, despite the
overwhelming abundance of unused pro-
tein binding motifs [14,27-29]. There are
even cases of TFs acting through low-affin-
ity rather than high-affinity binding sites
[30]. Indeed, in a solenoidal model of the
genome, site position is a strong discrimi-
nant for effective site usage.

(2) The exquisite specificity of gene
control by several TFs, despite its combina-
torial intricacy. This regulatory interplay is
indeed optimized by assigning the gene
target to a cluster positioned for the correct
set of TFs. Two corticoid receptors in rat
neuron nuclei illustrate this possibility:
these TFs were found together in only a
subset of foci, and alone in others [31].

(3) The speed of coordinate transcrip-
tional responses, given the size of the DNA
molecule to be searched by TFs. The high
synergy afforded by local concentration is
indeed a powerful means to trigger ubig-
uitous responses with a minimal amount
of additional molecules, that is within the
shortest time [8,9].

(4) The concerted reprogramming of
gene expression upon an environmental
change or over a cell cycle, given the high
number of players (the case of transcrip-
tional slowdown was already discussed).
This versatility is built in the dynamic na-
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ture of the foci, which maximizes respon-
siveness to the cell state [32].

(5) The high efficiency of DNA-related
processes, despite extreme DNA compac-
tion [33]. Compaction is indeed achieved
in part by a mechanism that actually in-
creases transcriptional efficiency. More-
over, the resulting DNA coaggregation fa-
vors intersegment transfer, thereby facili-
tating homologous recombination [34].

(6) The insensitivity of some bacterial
promoters to their TFs when they are
moved from their chromosomal loci to
plasmids [35]. Moreover, some inversions
of E. coli chromosomal regions are delete-
rious and induce an abnormal nucleoid
structure [36, 37]. The solenoidal model
dictates that site position must be respect-
ed for full functionality.

(7) The fact that yeast ‘heterochromatin
barriers’ which block the spread of tran-
scriptionally silent chromatin consist of
multiple binding sites for various TFs [38,
reviewed in 39]. Such multiple sites for any
of those TFs would synergistically resist si-
lencing thanks to clustering.

(8) The effect of TF dosage on both gene
expression and chromatin structure or
chromosome position, such as during the
cell cycle [40], in response to interferon
[41], in heterochromatic gene activation
[42] or in position-effect variegation en-
hancement [e.g.43]. An increased TF con-
centration would indeed recruit more DNA
binding sites to its focus. Please note that
this point applies only if the solenoidal
concept turns out to extend to metazoans.

(9) The effect of transcription-related
DNA motifs on gene position [44,45]. Reg-
ulatory elements such as barriers, insula-
tors,enhancers and enhancer blockers [44,
46] have been proposed to function by lo-
calized protein recruitment [47, reviewed
in 48], for which one general strategy is
suggested by chromosomal periodicity.
Gene promoter can modulate alternative
splicing [45], conceivably by moving to-
wards the focus of its TFs, thereby loading
the local set of splicing factors.

Complexus 2003;1:171-180

Predictions of the Model

Testable consequences of the genome-
level transcriptional scheme include:

(1) Similar regularities in other eukary-
otes and prokaryotes, albeit with diver-
gences reflecting differing transcription
intensity, promoter organization or gene
span. The testing will await the availability
of sufficient data in other organisms, such
as in nonconventional yeasts and in meta-
zoans.

(2) A fine, periodic, positional effect on
gene expression, particularly for genes
with only one binding site for their TE
which therefore cannot increase local con-
centration by themselves. Genes at the op-
timal position for a given TF with respect
to the solenoidal model would be regulated
in a tighter fashion than genes that are far-
ther from the optimal position, all other
conditions being equal. This can be tested
by systematic (or random, followed by as-
sessment of position) displacement of a
target gene and quantitative monitoring of
its expression. In bacteria, this can addi-
tionally be tested by moving a TF-encod-
ing gene and monitoring the expression of
some of its targets.

(3) An alteration of the transcriptional
status of nearby genes when the length of
unk’ DNA is locally altered in higher eu-
karyotes, if junk DNA acts as a spacer to
improve transcriptional periodicity.

(4) A very precise path from DNA se-
quence to chromosomal morphogenesis. It
predicts 1-D distant DNA regions that
would cluster in 3-D. These predictions can
be tested with tools such as chromosome
conformation capture [49].

(5) The heterogeneous, multifocal dis-
tribution of a strong TF imaged either in
active cells or following DNA spreading,
and its redistribution upon environmental
modification. Numerous small foci have
already been observed for snRNA [50, 51]
and mRNA [15, 16] genes. It is noteworthy
that TFs were detected in snRNA foci. The
mRNA foci comprise 14-20 different tran-
scription units each. These foci are pre-
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dicted to be elongating assemblies that
were dynamically clustered at the time of
transcription initiation because they share
at least one common TE

(6) Recognition of genuine protein
binding sites among those detected
through sequence analysis or through
chromatin immunoprecipitation, guided
by positional information. Predicted false
positives, being in small number, can then
be tested at the bench.

(7) A phylogenic route for chromosome
evolution through related species, based
on transcription-induced periodicity. For
instance, shortly after chromosomal split-
ting, both derivatives should retain an
identical period; later, rearrangements
should differentially alter their periods.

Discussion

The present model, like Cook’s recent
model [52], points to mRNA transcription
as a major architect of the functional nu-
clear structure. It is therefore interesting to
note that these two models independently
originated from very different experimen-
tal sources. Cook’s model is primarily an-
chored in morphological studies, while
this model relies on large-scale transcrip-
tomic data. They both share a biochemical
substratum as well. With respect to other
DNA-related processes, Cook [52] pro-
posed that transcription may also drive
pairing between homologous chromo-
somes, while we showed that this tran-
scriptional scheme constrains yeast repli-
cation origins [1], which in turn colocalize
with long terminal repeats and other ge-
nomic features [14].

However, the two models have signifi-
cant differences as well. A first difference is
that only the present model, because it di-
rectly couples chromosomal structure to
databearing on DNA sequence,allows very
accurate predictions, in particular on the
respective spatial positioning of remote
DNA segments. A second difference is that
Cook emphasizes transcription elongation
as the critical organizer, while the tran-

Képés/Vaillant

scriptomic data assign de facto the top role
to transcription initiation. Although these
views are mechanistically very different,
they are not mutually inconsistent. Indeed,
it may reasonably be assumed that once
initiation has dynamically clustered coreg-
ulated targets, the latter will remain to-
gether in the same ‘transcription factory’
during elongation.A third difference is that
these two models provide different physi-
cochemical driving forces for the phenom-
enon (and consequential evolutionary ra-
tionale). We propose a dynamic cross-link-
ing of bivalent TFs and polyvalent target
genes, which have previously been shown
to be effective at the intragenic level [8,9].
Instead, Cook suggests that RNA-poly-
merase aggregation may provide the driv-
ing force, based on in vitro studies of the
bacterial enzyme [53], but it is not clear
how the results of such studies may be ex-
trapolated to the in vivo context. A fourth
difference is that Cook measures the chro-
matin loops in nucleotides (~85 kbp),
while we would rather measure them in
number of genes (~10-20 genes) when it
comes to the interspecies comparison.
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