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Abstract
Allostery is a key concept of molecular biology which refers to the control of an enzyme
activity by an effector molecule binding the enzyme at another site rather than the active site
(allos = other in Greek). We revisit here allostery in the context of chromatin and argue that
allosteric principles underlie and explain the functional architecture required for spacetime
coordination of gene expression at all scales from DNA to the whole chromosome. We further
suggest that this functional architecture is provided by the chromatin fiber itself. The
structural, mechanical and topological features of the chromatin fiber endow chromosomes
with a tunable signal transduction from specific (or nonspecific) effectors to specific (or
nonspecific) active sites. Mechanical constraints can travel along the fiber all the better since
the fiber is more compact and regular, which speaks in favor of the actual existence of the
(so-called 30 nm) chromatin fiber. Chromatin fiber allostery reconciles both the physical and
biochemical approaches of chromatin. We illustrate this view with two supporting specific
examples. Moreover, from a methodological point of view, we suggest that the notion of
chromatin fiber allostery is particularly relevant for systemic approaches. Finally we discuss
the evolutionary power of allostery in the context of chromatin and its relation to modularity.

1. Introduction

A major issue about transcriptional regulation in eukaryotes
is to understand how signals (e.g. metabolic or hormonal
signals) are turned into gene expression activation or silencing.
Several challenging facts still ask for an explanation: some
signals are not specific to a single gene; some factors,
termed coregulators, do not directly bind a DNA sequence

but rather modify histones by catalyzing post-translational
modifications of their tails; regulatory events may take place
downward the gene promoter; various delays are observed
in the cell transcriptional response (Struhl 1999). The
prokaryote ‘operon’ paradigm, where one signaling protein
locally releases the specific inhibition of an associated gene so
that transcription can take place, here dramatically fails. Gene
regulation in eukaryotes is arguably not a local and one-to-one
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process but rather a multi-factorial process unfolding in space
and time in a controlled and coordinated way. Our argument
to support this view is the role played by the chromatin
fiber.

It is now acknowledged that transcriptional regulation
in eukaryotes centrally involves chromatin (Widom 1998,
Wolffe 1998, Felsenfeld and Groudine 2003, Bühler and
Gasser 2009, Filion et al 2010). We argue, and demonstrate
below, that it involves not only the biochemical features of
the chromatin assembly but also, in an indissoluble way, the
mechanical and topological properties of the 30 nm chromatin
fiber (Lesne and Victor 2006). Actually, our functional
arguments support the very existence of a chromatin fiber.
Signaling events like factor binding or histone tail post-
translational modifications, beyond having local consequences
in terms of molecular recognition, can also be interpreted in
terms of the chromatin conformational changes they trigger.
Our claim is that these changes could control functional
events, for instance, part of the transcription initiation, at
distant and possibly multiple locations. In this regard, the
chromatin fiber appears as a nanomachine capable to organize
genomic processes in space and time, and to integrate more
or less remote and delayed external events into an adapted
transcriptional response. The consistency of the fiber features
and functions along with its efficiency have presumably settled
in the course of evolution, as a consequence of an unabated
natural selection. This leads us to propose an extension of the
notion of allostery and to describe the fiber and the embedded
DNA as allosteric entities capable of signal transduction and
processing.

Allostery refers to the propagation of a binding event
with functional consequences at a distant site. The internal
communication occurs through a global conformational
change, termed an ‘allosteric transition’ in Monod et al (1965).
This transition typically includes some structural modification
at the active site switching its affinity to the ligand to a
far higher value (Cui and Karplus 2008). Protein allostery
has been extended to RNA with the discovery or design of
allosteric ribozymes (Tang and Breaker 1997, Soukup et al
2001, Winkler and Breaker 2005). Despite the unbounded
fruitfulness of the concept of allostery, it has never been
applied to DNA nor chromatin fiber (Peracchi and Mozzarelli
2010). We claim that the conceptual framework relevant
for allosteric proteins and ribozymes can be formulated
and investigated in the context of DNA or even chromatin
fiber.

The implementation and functional benefit of such a
generalized allostery will be illustrated on two plausible
scenarios. The first one describes how linker DNA (the stretch
of DNA molecule between two adjacent nucleosomes) within
a compact chromatin fiber is endowed with a conformational
bistability, controlled by the acetylation status of the adjacent
histone tails. This DNA conformational transition in turn
controls the affinity of intercalating proteins for linker
DNA and the cooperativity of their binding (Victor et al
2003). This scenario provides an example of the physical
relays by which histone covalent modifications are capable
to control protein binding at genomic sites. The second

scenario describes how torsional constraints generated within
heterochromatin by nascent RNA-polymerase activity triggers
a sequential and cooperative conformational transition of the
downward nucleosomes into a ‘reversome’ state, permissive
to transcriptional elongation and forming a precursor allowing
continued polymerase activity. Let us recall that the name
‘reversome’ (for reverse nucleosome) has been introduced
in Bancaud et al (2007) for denoting a metastable particle
containing the histone octamer, with DNA wrapped in a
right-handed (positive) sense. This particle is obtained when
extensive level of positive stress is placed on the nucleosome
by a positive torque. The torque may be imposed either by
magnetic tweezers (Bancaud et al 2007) or by an elongating
RNA polymerase during transcription (Bécavin et al 2010).
Both scenarios respectively parallel the Monod–Wyman–
Changeux kinetic model of homotropic allostery (Monod
et al 1965) and the induced-fit sequential allosteric Koshland–
Némethy–Filmer scheme (Koshland et al 1966), both recalled
in section 2.

Our extended notion of allostery underlines, and provides
for, the need of an integrated functional and multilevel
approach of eukaryote gene regulation. It raises a new
challenge: accounting jointly for biochemical specificities of
chromatin components and for mechanical and topological
features of the chromatin fiber in the reconstruction and
analysis of gene regulatory networks.

2. The notion of allostery

The notion of allostery introduced by Monod and Jacob (1961)
refers to the control of an enzyme catalytic activity by an
effector molecule binding the enzyme at another site (allos =
other in greek) than the active site (Fersht 1985). It is related
but sometimes confused with the notion of cooperativity, in
part for historical reasons: one of the first kinetic models
of allostery, proposed by Monod, Wyman and Changeux
(Monod et al 1965), describes an instance of fully cooperative
allostery, now termed homotropic allostery. It is based on
the stabilization of a concerted conformational transition of
all the enzyme identical subunits by the binding of the first
ligand (‘conformational capture’). The transition increases
the subunit affinity for the (same) ligand and promotes its
binding in a cooperative way (see figure 1). This scenario has
been reinforced by the complete experimental investigation of
a cooperative allosteric enzyme, hemoglobin, often taken as
the paradigmatic example of allosteric enzymes (Perutz 1989,
1990). The competing model proposed by Koshland, Némethy
and Filmer (Koshland et al 1966), relying on ‘induced fit’
and sequential conformational transitions of enzyme subunits,
also accounts for some cooperativity. However, its kinetics
and mechanistic explanation are different. The conjunction
of allostery and cooperativity typically occurs in symmetric
or tightly organized multi-subunits enzymes, in which the
transition of one subunit into an active conformation enforces
(or at least favors) the transition of other ones for steric and
mechanical reasons.

Nevertheless, the relation between allostery and
cooperativity is not at all a rule. In the case of heterotropic
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state T state R

Figure 1. Homotropic allostery. The preferred isoform of the
enzyme is the T-state, in which the affinity of each subunit for the
substrate (in red/gray) is low. The binding of the first substrate
molecule shifts the chemical equilibrium toward the R-state
(conformational capture, Monod–Wyman–Changeux model (Monod
et al 1965). Symmetry and mechanical rigidity of the enzyme
ensure that all subunits (here two) experience jointly the transition
T → R so that the net effect is a cooperativity of the substrate
binding the enzyme. Namely the first binding event increases the
rate of the other one(s). In the Koshland–Némethy–Filmer model
(Kohsland et al 1966), the transition would be sequential, meaning
that the transition T → R of one subunit triggers with a delay of the
transition of the neighboring one. The first binding event thus
progressively increases the rate of the other ones.

allostery, the effector molecule triggers some change at
the distant active site. This change favors the binding of
the substrate molecule (a different species), whose further
transformations are in this way catalyzed by the enzyme
(see figure 2). Allostery basically refers to the remote
connection achieved by a chimeric enzyme between a signaling
pathway ending at the enzyme effector site and a target
pathway catalyzed by the enzyme at its active site. It is a
perfect illustration of the evolutionary tinkering exposed by
Jacob (1982) and the gratuity defended by Monod (1972).
(Gratuity here refers to relationships that are not prescribed
by physico-chemical laws or any similar necessity, e.g.
steric constraints or kinetic features, but rather by chance
(Monod 1972). It underlines that the existence of specific
and adapted entities follows from several runs of natural
selection among a randomly generated diversity.) Allostery
indeed bridges two different pathways by the formation of a
composite entity prone to adaptation and co-evolution. An
allosteric mechanism, compared to a direct coupling, does
not result from an immutable physico-chemical law but from
the existence of a selection-tuned adaptor. As such, it has
been called the second secret of life by Monod (the first one
being the DNA double-helix). Moreover, achieving a causal
relation between two pathways by means of an allosteric entity
increases the functional robustness and adaptability of their
relationship. Indeed, each part of the allosteric entity may
adapt to a perturbation or, on longer time scales, adapt to the
evolution of either the upward or downward pathways while
preserving its bridging function (Lesne 2008). We here recover
the benefit of modularity, a notion ubiquitously encountered
in biological systems (Vespignani 2003, Wagner 2007).

substrate

effector

inhibitor

substrate

Figure 2. Heterotropic allostery. Top: binding of the effector (in
green/gray) favors the binding of the substrate (in black) at the
active site by capturing an isoform having a higher affinity for the
substrate. Bottom: binding of the inhibitor (in red/gray) prevents
substrate binding at the active site by capturing an isoform having a
lower affinity for the substrate.

The evolutionary origin and adaptive enhancement of
allosteric mechanisms have been thoroughly investigated
for allosteric proteins (Peracchi and Mozzarelli 2010). It
has been first evidenced using phylogenetic analyses of
sequences of orthologous allosteric entities from different
organisms (Georgelis et al 2009), typically showing residues
co-conservation at the effector and active sites (Kannan
et al 2007). A proof of principle that evolution can produce
allosteric entities has been obtained with directed evolution
experiments, in which random mutagenesis is supplemented
with functional screening mimicking the effect of natural
selection. Both allosteric ribozymes (Tang and Breaker 1997,
Soukup et al 2001) and allosteric proteins (Mathonet et al
2006, Liang et al 2007) were thus generated or functionally
improved. For instance, insertion of a pre-existing binding
domain by gene recombination may produce protein switches
(Guntas and Ostermeier 2004, Ostermeier 2005, Guntas et al
2005). Mutations in the residues along the allosteric pathway
may hugely enhance the ligand-binding affinity of the active
site (Jin et al 2006), supporting the evolutionary strengthening
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of a preexisting structural connection between the effector site
and the active site and its functional consequences.

We argue here that the notion of allostery is not restricted,
by far, to enzymes and enzymatic catalysis. It is at work
in two (often complementary) instances, easily recognized in
allosteric enzymes but having a wider scope:

(i) when a composite object whose very existence couples
different pathways or different subsystems, possibly of
different natures. Its existence is the result of selection-
driven co-evolution and adaptation with no prior (or only
very weak) physico-chemical necessity. Acknowledged
examples are tRNAs, providing the explicit association
between an amino acid and one of the corresponding
(anti)-codon, and mechano-receptor neurons translating
a mechanical signal into an electric signal capable to
trigger efferent neurons. If any, a weak physico-chemical
affinity or relationship—although it does not play any
role today—can be crucial in an evolutionary perspective
since it explains how the connection between the two
pathways occurred in the first place, long ago, and how
the adaptor observed today (i.e. the allosteric entity)
could have been designed to make the connection more
persistent and tunable. An example is the slightly
preferred affinity between an amino acid and its codons
that is argued to have established the genetic code before
the evolutionary design of tRNAs and aminoacyl-RNA
transferases stabilized and quenched the correspondence
(Thomas 1970, Demongeot 2007).

(ii) When some geometric constraints (symmetry,
translocation, steric hindrance) or conservation of
topological invariants (e.g. the linking number Lk in
elastic filaments with fixed ends or closed) propa-
gate the consequence of a given stimulus to another
place. Allostery thus escapes the realm and scales
of chemistry. Allosteric mechanisms rather operate
at the level of macromolecules and macromolecular
assemblies (or even cells) and rely in a central manner
on the physical and topological properties of the system.
Acknowledged examples are symmetric multi-subunits
enzymes like hemoglobin, and G-proteins coupling extra-
and intra-cellular signaling pathways across the cell
membrane.

Most instances of signal transduction rely on allosteric
objects, acting in a way similar to electric wire adaptors or
voltage transformers. Reusing an old metaphor, a telegram
written in English and sent from England to China by
means of an allosteric channel would arrive translated in
Chinese. (This metaphor has been proposed by Weismann
to illustrate the impossibility of acquired trait inheritance that
would be very like supposing that an English telegram to
China is there received in the Chinese language (Weismann
1904).) We will here develop this claim in the context of
transcriptional regulation where signals are any metabolic or
hormone pathways observed to trigger a change in the gene
expression profile of the cell, and the allosteric objects are the
fiber itself and embedded DNA.

3. Epigenetic allostery in the condensed chromatin
fiber

Let us now detail the extent to which our proposed extension of
allostery is a notion pertinent to DNA and the chromatin fiber.
Our approach substantiates and mechanistically explains the
acknowledged fact that modulation of chromatin structure and
dynamics plays a central role in all genomic processes (gene
expression, replication, recombination, repair) (Felsenfeld and
Groudine 2003). We will present the insights it gives on
chromatin functional role of coordination, timing and remote
control of transcriptional regulation (Lesne 2006, Lesne and
Victor 2006).

3.1. Allosteric properties of DNA and the chromatin fiber

Chromatin fiber structure is determined in a bottom-up way by
the assembly of DNA and histones and its local architectural
features (Ben Haim et al 2001, 2002). Conversely it also
exerts an essential top-down role in controlling the possible
molecular processes occurring at the DNA level, by monitoring
the accessibility of the interaction sites and most importantly
by tuning their affinities for various factors through the
mechanical constraints that the fiber imposes to DNA (Lesne
and Victor 2006, Lavelle 2009, Lesne 2012).

The functional logic and benefits of this two-
level causal loop and its concrete implementation can
be captured by considering the chromatin fiber as
an allosteric entity mediating a coupling between two
distant, and physicochemically independent, genomic
events. Accordingly, the chromatin fiber structure and its
conformational changes orchestrate in space and time how
the genomic sequences and their epigenetic typesetting are
turned into specific switches, landmarks, recognition sites and
checkpoints. Indeed, any event triggering a conformational
change of the fiber will be indirectly coupled to all events
whose occurrence and features (e.g. binding affinity and
ensuing rates) are affected by this fiber change. Using the
language of allostery, effectors are any signaling molecule
(either a protein, a multivalent ion like a polyamine or any other
ligand produced by the cell metabolism) or more generally,
any change in surrounding conditions that is capable to elicit a
conformational change of DNA or chromatin fiber, by which
active sites are affected. Explicit examples of such effectors
are enzymes that catalyze histone-tail covalent modifications
or ATP-dependent remodeling factors that translocate the
nucleosomes or change their structure. Effectors are not
necessarily ATP-dependent. For example, they do not need
ATP if they bind a structure previously prepared in a strained
state and act as a switch that relaxes stored constraints.

Central to this extension of allostery is the notion
of chemo-mechanical coupling. On the one hand,
mechanical constraints experienced by macromolecules tune
their chemical rates and affinities. Explicitly, an extra
mechanical contribution is added to the free energy (i.e. G =
F − force × strain). On the other hand, out-of-equilibrium
factor binding or enzymatic activity may generate, at the cost
of ATP consumption, some mechanical constraints within
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the macromolecules (Ingber 2003). A reversible allosteric
modification achieves a transient regulation. An example
is provided by HAT-catalyzed acetylation of histone tails
(where HAT stands for histone acetyl-transferase) and HDAC-
catalyzed deacetylation (where HDAC stands for histone
deacetylase), where the effector site is the residue prone to
acetylation and two different effector molecules are required
for the direct and backward transformations.

Allosteric behavior in the context of epigenomics is
intimately related to the structure of the chromatin fiber
and its conformational dynamics. A first class of allosteric
mechanisms is associated with the conservation of topological
invariants, either at the DNA level or at the fiber level since both
behave as flexible filaments. Note that topological constraints
are an effective notion that is relevant at a supramolecular
scale at which it makes sense to describe the entity (here
DNA or the chromatin fiber) as a semi-flexible filament
endowed with writhe, twist and linking number. At the
molecular scale, there is only a complex balance between
entropic and energetic contributions determining the possible
isoforms. This fact reflects in the presence of both enthalpic
(related to the secondary structure) and entropic (temperature-
dependent, related to the tertiary structure) contributions to
the twisting and bending persistence lengths of DNA (Marko
and Siggia 1995). Similarly, at the next level, chromatin
fiber elastic constants are expressed as a function of its local
architecture and DNA persistence lengths (Ben Haim et al
2001). At the DNA level, tight organization of the fiber
is essential in order that embedded DNA becomes sensitive
to additional mechanical stresses and displays an allosteric
behavior. Within condensed chromatin, an allosteric unit is
formed by each linker, whose linking number is preserved
by the anchoring of its ends onto fixed nucleosomes (the
linking number measures the number of turns—of one end with
respect to the other—that is stored within the filament (Crick
1976)). Mechanical constraints exerted by the condensed fiber
onto DNA spread in the whole linker. The balance between
elastic stresses generated by any binding event and DNA
structural or conformational changes occurs at this linker level
(Box 1). Another class of allosteric mechanisms is associated
with geometric constraints, originating in the compactness
and the symmetry of the condensed fiber structure. We recall
that two main types of fiber structures have been proposed to
date: a one-start helix in which consecutive nucleosomes are
arranged as a solenoid, and a twisted two-start helix formed
by a zigzag ribbon of nucleosomes. The solenoid model is
no longer considered as a possible option due to the required
energy for bending DNA in the corresponding structure. The
two-start model is supported by the crystallographic study of
the tetranucleosome (Schalch et al 2005) as well as by cross-
linking experiments (Dorigo et al 2004) and quite recently by
cryoelectron tomography of vitreous sections of erythrocyte
nuclei (Scheffer et al 2011). More compact fiber structures
have been proposed (Wong et al 2007), containing different
numbers of starts (i.e. of helical piles of stacked nucleosomes).
Examples of two-start and four-start structures are given in
Box 2.

The geometric constraints imposed by such structures
ensure a conformational rigidity of the fiber and embedded

DNA that enforces the propagation of the effector event up to
distant locations. For instance, the compact organization of
the fiber generates steric hindrance within stacked nucleosome
arrays and enforces concerted conformational changes, like a
domino effect (Box 2). The central ‘allosteric unit’ is then
formed by each chromatin loop, delineated by topological
boundaries. These boundaries may follow from the presence
of insulators or simply from defects in the regular structure of
the fiber (Kim et al 2007, Bushey et al 2008, Ohlsson et al
2010, Botta et al 2010, Handoko et al 2011). They ensure
the conservation of the linking number of the fiber stretch
in the absence of topoisomerase activity. This conservation
law couples any two events that occur within the stretch and
modify the local contributions to the total linking number
(Barbi et al 2005, Mozziconacci et al 2006). In fact, the
fiber linking number is related to that of the embedded DNA
according to Lk(f iber) = Lk(DNA)−Lk0 where Lk0 is the linking
number of the straight and relaxed DNA stretch (Barbi et al
2005). This relation expresses quantitatively the interplay
between the DNA level and the fiber level. This is one of the
reasons supporting the need to always consider in parallel
the two levels. Indeed, any conformational transition of
the nucleosome (and the ensuing modification of the DNA
three-dimensional path around the histone core) and any local
event twisting or bending DNA reflect in a modification of
Lk(f iber). Conversely, a conformational change of the fiber
will affect the mechanical constraints experienced by the
embedded DNA, hence all its transactions. The functional
role in gene regulation of mechanical stresses, channeled by
the architectural features of DNA and chromatin fiber, has
also been underlined on experimental grounds by Kouzine
et al (Kouzine et al 2008, Lavelle 2009).

3.2. Cooperativity of the chromatin fiber allosteric behavior

The conservation of the linking number of a chromatin
loop not only elicits allosteric couplings at large scales but
also enforces intra-fiber cooperativity. This cooperativity is
expressed through concerted conformational transitions at the
fiber scale (chromatin loops). In turn it brings about a (positive
or negative) cooperativity between several events (e.g. factor
binding or chemical modifications) occurring at distant places
along the fiber. If the conformational transition occurs at
the same time in the whole stretch, cooperativity follows a
Monod–Wyman–Changeux-like scenario (Monod et al 1965).
If in contrast the transition occurs sequentially, cooperativity
follows a Koshland–Némethy–Filmer-like scenario (Koshland
et al 1966). Hybrid scenarios sharing features of both
(Horowitz 1995) are also possible since there is in fact
a continuum between the two ‘pure’ scenarios (Goldbeter
1996, Danziger et al 2003). Some limitations on the
cooperativity may arise from the limited rigidity, limited
cohesion or limited symmetry of the chromatin fiber. A
related observation has been made in the context of enzymatic
catalysis (hemoglobin across various species) (Van Holde
et al 2000). In huge assemblies of subunits, only a properly
bound and mechanically constrained subset of subunits exhibit
concerted conformational transitions that are at the origin
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of a cooperative behavior. The experimental signature of
this feature is a Hill index far lower than the total number
of subunits. This Hill index gives a rough estimate of the
size of the ‘allosteric subset’. The equilibrium constant
L = [T]eq/[R]eq between the two states of a subunit (the states
related by the allosteric transition T ↔ R) has to be neither
too low nor too strong in order to get a genuine cooperative
effect. The subunits are quenched in the inactive T-state if L is
too low whereas they switch independently toward the active
R-state if L is too high, which both weaken the cooperativity.
These constraints on cooperativity reflect in the bell-shaped
and vanishing tails of the curve representing the Hill coefficient
as a function of the equilibrium constant L (Goldbeter 1996).
Cooperativity is also limited by a too large amount of noise
that impairs the coordination between the subunit transitions,
all the more since there are many subunits (typically here the
base pairs or the nucleosomes). The maximal number nmax

of subunits that can actually exhibit a cooperative behavior is
bounded and the upper bound scales as nmax ∼ 1/(noise)2.
Obviously these general properties are of relevance in the
chromatin context.

3.3. Transcriptional regulation and chromatin fiber allostery

Let us consider transcriptional regulation with this novel
allosteric viewpoint. Transcription is a complex process that
can be roughly separated in three phases: initiation, elongation
and termination. They are all submitted to regulation, and in
this way participate in gene expression regulation. Initiation
involves a coordinated sequence of specific factor binding
events, which leads to the assembly of the initiation complex at
a gene promoter (Métivier et al 2003). We argue that initiation
also requires some prior local and still unknown mechanism
for loosening the very tight post-mitotic structure of the fiber
and relaxing both compaction and topological constraints.
This ‘pre-initiation’ stage, which allows the first site-specific
binding event, is presumably less specific with respect to the
DNA sequence. We suggest that it may be controlled at the
chromatin fiber level as an allosteric mechanism relating some
transcription signal to a fiber conformational change. This
hypothesis agrees with the recent founding of a flexibility in
the number of nucleosomes embedded in promoter sequences,
in turn impacting on the local tightness of the chromatin fiber
(Arneodo et al 2011).

Generally, transcription initiation—as well as the
subsequent processes—relies on several types of information
(Fox Keller 2009, Arneodo et al 2011), either genetic
or epigenetic, structural or dynamics, and more or less
spoiled with stochasticity. Namely, this information is
contained

• in the genomic sequence (gene promoters, transcription
factor binding sites);

• in bound proteins, either transcription factors binding
DNA (for example TATA-box binding proteins) or
coregulators binding DNA-bound proteins (histones or
transcription factors);

• in histone chemical status that monitors the tightness
of the chromatin fiber. In particular, histone-tail
acetylation controls the anchoring of linker DNA onto the
nucleosome, hence partly controls linker DNA-binding
affinities (Victor et al 2003);

• in the chromatin conformation, condensed and
topologically constrained or not;

• in the nuclear localization of the chromatin loop
embedding the gene, e.g. near a nuclear pore (Cabal et al
2006);

• in the cell state, e.g. the phase of the cell cycle; and
• in the cell microenvironment, since a large fraction of

changes in transcriptional activity are elicited by signals
coming from outside the cell.

All these features act at different levels on RNA-
polymerase binding and activity, either directly or in a way
mediated by signaling pathways or physical constraints. In
other words, the cell itself performs a multiscale integration
of all these informations and inputs in order to achieve an
adaptable, context-dependent regulation of gene transcription.
As seen in sections 3.1 and 3.2, privileged means for this in
vivo integration are provided by allosteric potentialities of the
chromatin fiber. Indeed they allow us to coordinate distant
events, of different natures, and to either focus or extend their
range of influence. For example, the fiber may be essential
in coordinating the binding of different chromatin-binding
proteins (Grewal and Elgin 2007).

As an experimental support of our allosteric view
on chromatin, let us mention the in vivo evidence that
transcription factors can be bound to the promoter with no
detectable transcription. The experiment involved specific
genes, namely the α1-antitrypsin gene and the HFN4α gene
in mammalian cells, and chromatin immuno-precipitation
was used to assess transcription factor binding (Svejstrup
2004). This observation suggests that some event, presumably
a remodeling event of the fiber, is required to trigger
transcription initiation. The arrival of general transcription
factors is not enough. The fiber may here control not only the
binding affinity of transcription factors but also the functional
consequences of their binding. Even polymerase recruitment
is not synonymous of active transcription, as shown by the
recent observation of ‘engaged polymerases’ with no further
activity (Core et al 2008). This is due to the presence
of a nucleosome strongly positioned immediately after the
transcription start site, thus hampering polymerase elongation
activity (see the following subsection). These examples are
possible instances of a nonspecific control, at the fiber level,
of specific events, tagged by the prior binding of transcription
factors at specific sites.

3.4. Two plausible allosteric scenarios within the condensed
fiber

We will illustrate the importance of fiber allostery in
transcription regulation with two scenarios, concerning
respectively transcription initiation and transcription
elongation:
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Box 1
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θ
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instability of a linker DNA within

chromatin fiber. Allostery here stems
from this instability of the DNA con-
strained state. The allosteric entity is the
linker, the subunits are the base pairs,
the T-state corresponds to a straight
linker and the R-state to a buckled linker
(with the terminology of (Monod et al
1965)).

(i) histone-tail controlled intercalation in linker DNA (see
Box 1).

Within the condensed 30 nm chromatin fiber, nucleosomes
are fixed and linkers are end-constrained. Thermally activated
conformational fluctuation induces transient openings of an
intercalation site. In turn, such an opening increases the
mechanical constraints experienced by the linker containing
this site and triggers linker buckling. This linker
conformational change is captured when intercalation actually
occurs. It then promotes further bindings. Indeed, we have
shown in Victor et al (2003) that the binding energy cost
E(n) is linear with respect to the number n of intercalating
proteins when the linker is buckled, whereas the binding
energy cost E0(n) in the straight linker DNA is quadratic
in n. Accordingly E(n) ∼ n � E0(n) ∼ n2 as n increases.
This dependence means that linker DNA buckling promotes
multiple bindings. (Strictly speaking, there is no cooperativity
since E(n) ∼ nE(1). We should rather say that the ‘anti-
cooperativity’ due to the quadratic dependence E(n) ∼ n2

is suppressed.) Intercalation is not controlled by a restricted
accessibility but by the modulation of DNA binding affinity
for intercalating proteins following from the mechanical
constraints experienced by the linker. Buckling cannot occur
when the linker is tightly clamped onto the nucleosomes,
which is the case when histone tails are deacetylated.

This scenario brings forward a Monod–Wyman–
Changeux-like behavior of linker DNA with respect to protein
intercalation. To make clear the parallel with the original
scenario by Monod–Wyman–Changeux and its terminology
(Monod et al 1965), the allosteric entity is here the linker, the
subunits its base pairs, the T-state its straight conformation,
the R-state its buckled conformation, and the effector an
intercalating protein. This scenario is itself controlled
in an allosteric way at the fiber level in two ways: (i)
the decondensation of the chromatin fiber suppresses the
bistability of the linker conformation (the linker is no longer
constrained); (ii) the control of the buckling ability of a
constrained linker DNA is itself an allosteric switch, triggered
by acetylation of histone tails (or conversely deacetylation that
quenches the straight linker conformation). We here see the
articulation of two levels of allosteric behavior. Such nested
allosteric regulation has been alluded on thermodynamical
grounds in Robert et al (1987). It is close to the recent
paradigm of two-component signal transduction, presented
e.g. in Stock et al (2000), according which two transduction
steps, and accordingly two adaptors, are involved between the
initial triggering event and the target. This scenario may play
an essential role in controlling the binding of TBP (TATA-
box binding protein) that is a pre-requisite for transcription
initiation (see figure 3). It is also relevant to HMGB
proteins, which bind DNA with three intercalating residues
while bending DNA and possibly enhancing DNA flexibility.
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Figure 3. TBP binding and linker buckling instability. TBP binding strongly distorts DNA conformation, which generates elastic
constraints within DNA when the linker containing the binding site has fixed ends. This figure illustrates how histone post-translational
modifications control the binding of TBP by modifying the tightness of linker DNA anchoring onto nucleosomes within the condensed
post-mitotic chromatin fiber. In the case when linker anchoring onto the nucleosomes is loose (acetylated histone tails), elastic constraints
generated by the binding of the first subunit of TBP (a bis-intercalator) triggers the buckling of the linker. In turn, buckling makes the linker
more prone (compared to a straight linker) to bind a second intercalating TBP subunit. In contrast, when the linker is clamped, buckling
cannot occur. The cost associated with elastic constraints is quadratic with respect to the number of intercalations whereas it is linear in the
buckled conformation. Binding of the second subunit, hence actual binding of TBP (a prerequisite for transcription initiation (Chen et al
2002)) is energetically prohibited.

Another example is given by SOX proteins, including the sex-
determining SRY protein, which are sequence-specific DNA
binding proteins that intercalate in the DNA minor groove.

(ii) RNA-polymerase activity within heterochromatin (see
Box 2).

Elongation requires that RNA-polymerase encounters a
specific conformation of the nucleosomes during its
processing. Considering a RNA-polymerase engaged at some
promoter site (Core et al 2008), we have shown in Bécavin
et al (2010) that such a transcription-prone state of the
nucleosomes (‘reversome’ state) can be triggered by the very
RNA-polymerase initial activity and the torsional constraints
it generates within a condensed chromatin loop. Steric
constraints between stacked nucleosomes in the condensed

fiber (n-start structure (Wong et al 2007), see Box 2)
impose that the relaxation of the torsional constraints through
nucleosome/reversome transitions occurs sequentially. These
sequential transitions gradually turn the downward fiber stretch
into a state fully permissive to RNA-polymerase processivity,
in a kind of ‘domino effect’. Dynamic consistency of
the process—a product of co-evolution—brings a lot of
information. In particular, RNA-polymerase velocity enforces
the precursor formation and spreading, which in turn supports
RNA-polymerase functional activity.

The allosteric mechanism at work in this scenario
is reminiscent of the sequential induced-fit model of
Koshland–Némethy–Filmer (Koshland et al 1966). Additional
complexity here comes from the fact that the effector of
the allosteric mechanism is also the recipient of its effect.
The logical structure is that of an ‘allosteric feedback loop’.
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Box 2

Alternative all-atom models (right: two-
start structure, left: 4-start structure) of a
compact chromatin fiber including linker hi-
stone H1. The close and regular nucleo-
some stacking along each start prevents nucle-
osomes to switch to reversomes, thus enforcing
a concerted sequential transition. Courtesy of
Julien Mozziconacci.

positively crossed

negatively crossed
Free-energy landscape for the nucleosome con-

formation. The reaction coordinate (abscissa L) is
the linking number of nucleosomal DNA. This choice
is relevant for investigating the landscape changes
when a torque is applied to the DNA (light grey).
The two main states of the nucleosome are (left)
standard conformation, corresponding to two sub-
states N and P according to the relative positions
of the linkers (negative or positive crossing, details
shown in the inset) and (right) reverse conformation
(reversome), in which the histone core is partially
unfolded and the nucleosomal DNA adopts a right-
handed path around the histone core. Reversome
is assumed to be the activated state permissive to
RNAP progression through a nucleosome.

RNA-polymerase progression within a chromatin

loop: illustration of the domino effect. The loop
is delineated by topological boundaries (triangles
at the bottom of the loop). Torsional constraints
exerted by the RNAP (red/dark grey rectangle) are
trapped within the chromatin loop, and trigger the
sequential transition of nucleosomes (thin green/gray
line) downstream of the polymerase into reversomes
(bold yellow/light grey line). The reversome density
profile along the chromatin fiber (arclength x) is
given below: in the bold yellow region [0, x∗], the
reversome density ξ(x, t) equals 1. The wavefront
is located at x∗ and propagates downstream about
10 times faster than the RNAP progression. In the
RNAP wake, the nucleosomes turn to the negative
state (dashed blue line) to ensure the conservation
of the total linking number of the loop.

We have suggested that this scenario accounts for the small
amount of transcription observed in heterochromatin, which
is necessary to recruit the silencing machinery. Striking
experimental results recently evidenced that transcription

indeed occurs within condensed chromatin fiber, right after
the mitosis, and is required to trigger siRNA-induced silencing
(Noma et al 2004, Grewal and Elgin 2007). Transcription has
here a ‘signaling role’ rather than a ‘productive role’, so that its
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rate remains quite low. However, this transcriptional activity
shows that RNA polymerase can proceed through condensed
chromatin fiber. Since it is followed by the formation of
heterochromatin, we could expect that such a RNA polymerase
activity is not accompanied with major decondensation of the
post-mitotic fiber. Both facts provide a strong experimental
support to the scenario proposed in Box 2.

In both cases (i) and (ii), allosteric behavior strongly
relies on the fiber suitable compactness and organization. It
fails in a loose fiber or tightly condensed fiber, that is, in a
too loose or too rigid structure. In particular, linker DNA
exhibits no buckling instability in decondensed chromatin.
Steric constraints between stacked nucleosomes are essential
to get sequential nucleosome/reversome transitions, ensuring
that RNA-polymerase always faces a reversome during
its progression. By tuning constraints experienced by
its embedded parts hence their rigidity, chromatin fiber
superstructure controls their allosteric potentialities. In the
decondensed fiber, another mechanism, namely nucleosome
disassembly, presumably occurs (Boeger et al 2008). This
mechanism accommodates higher transcription rates.

The two scenarios presented here are presently out of
reach of a direct experimental check but supported by the
qualitative consistency of their assumptions and predictions
with the observed facts.

Notably, Kouzine et al have shown in vivo that RNA-
polymerase activity generates dynamic supercoiling (positive
supercoiling downward the active RNA-polymerase and
negative supercoiling upward). This supercoiling increases
when the transcriptional activity increases, and it is capable
to promote DNA structural transitions at stress-sensitive sites
(Kouzine et al 2008). However, Kouzine et al only considered
a structural effect at the DNA level, namely the modification of
the recognition site due to supercoiling. The same limitation is
encountered in the recent review (Levens and Benham 2011).
In contrast, we consider either the change in the affinity of
DNA-binding proteins for DNA (Victor et al 2003, Box 1)
or the change in the energy landscape ruling nucleosome
conformations (Bécavin et al 2010, Box 2). Both originate
from an additional mechanical term in the free energy, which is
proportional to the change in the fiber-linking number induced
by DNA supercoiling.

4. Functional consequences of generalized allostery

Beyond the structural aspects of chromatin fiber allostery,
we now explore some of its functional aspects. In short,
fiber allostery covers any situation where an effector event
controls a process at another location. It generally stems from
an instability of a constrained chromatin fiber conformation.
We argue below that it has strong implications in terms of
localization and specificity of genomic functional processes.
Conversely, we suggest that functional consequences of fiber
allostery strongly support the very existence of the 30 nm
chromatin fiber (still debated due to the lack of direct
experimental observation). This puts the structure–function
relationship of the chromatin fiber back in an evolution
perspective. Fiber allostery also provides a useful guideline
for the (necessary) systemic approach of genome functions.

4.1. Localization

An important feature of chromatin fiber allosteric behavior
is the versatile correspondence between the stimulus range
(localized vs extended) and that of the response. Four
situations can be encountered:

(i) stimulus and response are both localized: a local event
triggers a localized response at a distance (one would
not speak of allostery if the response were co-localized
with the stimulus). Examples are numerous. Let us
mention acetylation of histone tails in a nucleosome
favoring a partial unwrapping of nucleosomal DNA, hence
site exposure and specific binding in the exposed stretch
(Anderson et al 2001). Another example is cofactor
binding at an enhancer site, which triggers transcription
initiation at the gene promoter (Harnish et al 1998);

(ii) stimulus and response are both extended: for instance,
an ionic change and its conformational consequences
on both the DNA and the fiber. Another example is
again acetylation of histone tails—but now over several
nucleosomes—which induces a global decondensation of
the fiber (Tóth et al 2004);

(iii) we suggest that it may happen that a collective activation
produces a localized event (in general due to biological
specificity and structural heterogeneity). Allosteric effect
here typically proceeds by alleviating a nonspecific
barrier, which promotes the occurrence of specific
events. The effector can be any event inducing a global
conformational change of the fiber that modulates the rate
of local specific activities. For instance modulation of
mechanical constraints experienced by the DNA promotes
transcription factor binding DNA at a specific site (see
Box 1). An example of collective activation is provided
by the torsional constraints generated within a chromatin
fiber loop by an active polymerase (see Box 2), which can
induce at a distance, the activation of a cryptic gene;

(iv) a local event is amplified and propagated by the fiber and
triggers a large-scale response. An example is given
by a molecular motor (RNA-polymerase) generating
torsional constraints within DNA, which may induce a
conformational change of linker DNA (Box 1) or spread
into a whole chromatin loop (Box 2).

4.2. Specificity

A similar diversity occurs as regards the respective specificity
of the signal and the response. They can be both specific,
both nonspecific or hybrid (a specific stimulus triggering
nonspecific response, or a nonspecific activation triggering
a specific change). This discussion seems to overlap that of
the previous subsection; however, we suggest that localization
and specificity only accidentally coincide and that it may be
operational to distinguish between the two concepts. Speaking
of a signal, rather than simply of an ‘interaction’, makes
sense when the response is not proportional to the input but
is rather an all-or-none output. This means that the signal
is not an energy or matter provider, but the provider of an
enzyme or some limiting factor required to trigger the output.
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The signal is said to carry information (and then could be
termed a message) when the associated input/output relation
has a somehow gratuitous nature. In other words, the relation
does not follow from inescapable ‘ab initio’ physico-chemical
constraints relating the input and the output but from the
evolutionary design of adapted intermediary steps. What
is termed ‘signal specificity’ (or ‘effector specificity’ in the
language of allostery) covers several instances:

– sequence specificity (when the signal is a DNA-binding
protein);

– amino-acid specificity (when the signal is relayed by
histone-tail modifications)

– cofactor specificity (in the assembly of complexes);
– conformational specificity (e.g. recognition of DNA

crossings by topoisomerase II).

The response specificity has thus to be investigated at
the proper level. When the function lies in a DNA–protein
interaction, response specificity can be appreciated in terms
of the relief of the energy landscape at the DNA level and
the way it is modulated by the signal (Chaires 2000). Indeed,
such a landscape describes the energy barriers to be passed
through for various binding events and conformational changes
to occur (Gammaitoni et al 1990). A typical allosteric effect
is to lower the energy barrier at the active site and promote the
occurrence of binding events or, in contrast, to strengthen the
energy barrier at the active site and select more stringently the
events occurring at this site.

4.3. Signal transduction and information processing

Allosteric behavior is ubiquitous in signal transduction. An
input, typically a signaling pathway ending in the binding of
a signaling molecule, triggers an event of a different nature or
belonging to a different pathway, at a different place (e.g.
on the other side of a membrane, or in the present case
of chromatin fiber, at a distant location along the genome).
Signal transduction is nothing but an instance of information
transfer and processing. For example, supercoiling conveys
information along DNA over large distances (Kouzine et al
2008).

The relationship between the incoming signal and the
induced response (for instance the tuning of some chemical
reaction or some genomic process) is ensured by the very
existence of an allosteric entity that relates the signal sensor
and the active element emulating the response. Robust and
fine-tuned adaptation of causal relations is promoted in living
systems by the ubiquitous involvement of transducers. Also
termed adaptors (the original name cast by Crick for tRNAs.),
transducers are hybrid components matching different parts
of the system of possibly different natures and logics. In
order to switch an adapted interaction between parts A and
B, mediated by a transducer T AB , into an adapted interaction
between parts A and C, it is enough to change TAB into a novel
transducer TAC whose A-side remains unaffected as regards its
interaction site with A. Such transducers, including all kinds
of interfaces, endow with a great flexibility the architecture
of living systems. They make relevant both the notion of
structural module (the parts) and the notion of functional

module (the pathway coordinated by the proper sequence
of transducers), reinforcing the importance of modularity in
living systems (Vespignani 2003, Wagner 2007).

The event occurring at the effector site of an allosteric
entity may be itself an allosteric process. Such an instance,
which is the rule in sensory signal transduction, is known as
a ‘two-component system’ (Stock et al 2000). As indicated
by the name, it involves two allosteric entities A and B. The
first one, A, acts as a transducer that translates the signal into
another signal that B ‘understands’, namely, that is capable
to modify the effector site of B. The second one, B, is an
allosteric entity that is triggered by the translated signal and
turns this signal into action. This system achieves information
transfer, translation and processing with the advantage of
exhibiting more checkpoints at which the whole process can
be proofread, controlled and adapted. In the scenario sketched
in Box 1, the two components are histone tails and the DNA
linker. The initial signal is brought by a coregulator that
catalyzes a covalent modification (here acetylation) of the H3
histone tail at an effector site (the residue experiencing the
modification). A first allosteric behavior arises by which
this covalent modification loosens the anchoring of linker
DNA on the nucleosome and endows it with the ability
to switch between straight and buckled conformations with
different protein-binding landscapes. This bistability gives
rise to another allosteric behavior, according to which the
intercalation of a protein captures the buckled conformation
(the analog of an R-state), which favors additional bindings
whereas the T-state-like straight conformation accommodates
at most one intercalation.

4.4. Chemo-mechanical coupling

Chromatin fiber allostery is an example of the biological
importance of chemo-mechanical coupling, far less
acknowledged than molecular motors (Lipowsky and Liepelt
2008) and operating at a higher scale and organization level.
Chemo-mechanical coupling has here a dual aspect, referring
to (i) the modulation of chemical rates and binding constants
by mechanical stresses experienced by the substrate (typically
DNA) and (ii) the generation of mechanical constraints as
a consequence of chemical reactions (e.g. histone tail post-
translational modifications) and binding event (e.g. DNA-
binding intercalating proteins). The latter aspect also includes
the remodeling factor activity required to package chromatin
into a compact ordered conformation, in which allosteric
behavior can manifest itself. We meet here the remarkable
fact that in polymer chemistry and biological systems, strains
can be imposed on macromolecules without exerting any
mechanical force, merely following from the chemical binding
of an additional factor or the chemical modification of
an ingredient. Strains can henceforth be converted into
mechanical work or back into chemical energy at another site.
Chromatin fiber through its allosteric behavior conveys energy
over long distances. Chemo-mechanical coupling is at work
within chromatin in several instances:

– torsional constraints generated within an end-fixed linker
DNA by protein intercalation (Victor et al 2003) and

11



Phys. Biol. 9 (2012) 013001 Perspective

DNA mechanical constraints relaxation by histone-tail
acetylation (Box 1, Lesne and Victor 2006). This
mechanism is in particular implemented in TBP (TATA-
box binding protein) binding and function (figure 3) (Chen
et al 2002);

– torsional constraints generated within the chromatin fiber
by RNA-polymerase activity and local conformational
changes elicited at the level of nucleosomes by those
torsional constraints within a condensed and tightly
organized chromatin loop (Box 2) (Bécavin et al 2010);

– topologically-driven decondensation of a chromatin loop
(between two anchored boundaries) triggered by a local
conformational change in the nucleosomes (Barbi et al
2005, Mozziconacci et al 2006).

4.5. Chromatin fiber allostery as an evolutionary agent

We already mentioned that the very existence of allosteric
entities is a result of evolution. They have been selected
according to their ability to establish a functional and
explicit connection between otherwise uncoupled pathways
or processes. Allosteric connections are more flexible and
more robust than a direct physico-chemical relationship. In
the case where some change occurs in one of the pathways,
it is enough to modify one-half of the entity (its interface
with the pathway) to preserve the articulation between the
actual pair of pathways. Hence, it is enough to have a co-
evolution of a pathway and the associated sites on allosteric
entities to maintain all its connections with other pathways
and processes, with no need for a modification of the latter.
We here recover the evolutionary importance and benefit
of any more general modularity (Vespignani 2003, Wagner
2007). In the present context of epigenomics, mutations
that modify the chromatin structure (e.g. mutations in the
histone genes or addition of repeats (in linker DNA) that
creates a defect) may strongly affect the processes controlled
by the precise architecture of this stretch of fiber. One
may wonder whether such a mechanism could explain the
acknowledged fact that triplet extension is related to the
development of Huntington chorea. Chromatin fiber allostery
explains how minor genotype changes may have major
phenotypic consequences. This ensemble of mechanisms
appears as an evolutionary actor in promoting phenotype
variability on which selection could act. The relation between
allostery and evolution goes far beyond the adaptive origin of
allosteric entities. Indeed, a major consequence of allostery
is to considerably extend the set of possible relationships
with almost no physicochemical limitations on the pairs
of related pathways, among which natural selection will a
posteriori amplify and retain the most efficient and beneficial
ones. It also enlarges the spatial range and time scale of
the interactions, allowing long-range communications and
extended coordination essential to a consistent functioning
of the cell. Allostery thus appears as a much efficient
generator of diversity. This evolutionary power of allostery
meets the notion of ‘evolutionary tinkering’ introduced by
Jacob (1982) insofar as tinkering chimeric entities generates
novel bridges between previously independent pathways or

processes. Chromatin fiber allostery and chemo-mechanical
coupling along the fiber thus provide a way to coordinate
molecular evolution at a wide genomic scale.

5. Discussion

5.1. Further extensions of allostery and open issues

At least four aspects are present in allostery:

(i) structural determinants resulting in concerted or
sequential conformational changes;

(ii) their kinetic consequences, mainly cooperativity and Hill
kinetics;

(iii) the joint specificity and robustness of allosteric
interactions;

(iv) evolutionary consequences in terms of adaptability of
these interactions.

We have seen that geometrical constraints, e.g. steric
hindrance and symmetries, play a central role in mediating
allosteric connection between the effector and the active
sites. Among these geometrical constraints, chirality is a
much important one. Chirality is present at several levels
(histone tails, DNA molecule, DNA path onto the nucleosome,
30 nm chromatin fiber, higher levels of organization). It is
possibly modified by conformational changes (e.g. transition
of nucleosomes into reversomes) and mechanical constraints
(e.g. DNA supercoiling). However, its role in gene regulation
is most often ignored. Investigating the epigenetic role of
chirality within our allosteric viewpoint would be of great
relevance. For instance, a challenging question is the role, if
any, of the left-handed wrapping of DNA onto the nucleosome
(Bancaud et al 2007).

At this point, our analysis has brought forward the
structural, mechanical and topological ingredients involved
in chromatin fiber allostery. However, a full functional
understanding requires to describe not only the possible
conformational transitions of the fiber and the mechanisms
by which they are triggered, but also their kinetics. In this
way, one would obtain the epigenomic analog of the kinetic
allosteric models developed for enzymatic catalysis (Monod
et al 1965, Koshland et al 1966) and give account of
transcription rates and the time course of transcriptional
response to stimuli. In the same spirit, cooperativity in
the context of enzymatic catalysis is defined as a kinetic
feature related to the Hill expression for the reaction rate
and associated Hill exponent (Hill 1910, Fersht 1985), rather
than as a structural feature. Structural cooperativity is at the
origin, but not directly equivalent, to the kinetic signature
(Horowitz 1995). The relationship between structural and
kinetic manifestations of cooperativity have to be worked out
again in the context considered here, either at the DNA level
or at the fiber level. The main difficulty in tackling this
open question is to get the required quantitative knowledge
about the elementary events. At the present time, the two
scenarios presented in Box 1 and Box 2 are out of reach
of a direct experimental check. Their formal analogy with
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Monod–Wyman–Changeux model and Koshland–Némethy–
Filmer model, respectively, is waiting for kinetic data.
Moreover, the in vivo fiber structure, let alone its dynamics, is
not well established. Presumably chromatin fiber displays
polymorphism (Wong et al 2007): several structures may
coexist in a context-dependent and still unknown manner,
which also hampers quantitative accounts about allosteric
regulation. Meanwhile, another direction would be to
develop allosteric models and to confront qualitatively their
kinetic predictions with time-resolved transcriptome data.
The allosteric viewpoint on chromatin fiber would provide
valuable constraints in the inverse problem of interpreting
kinetic transcriptome data and reconstructing transcriptional
regulatory networks (Berg 2008).

The idea that evolution and adaptation induced by natural
selection are the basic forces explaining the existence of
allosteric objects also has methodological consequences.
Following a functional guideline, i.e. aiming at accounting
for the optimal achievement of the biological functions,
will thus be the best, if not the only way to unravel
allosteric mechanisms. Far more than a formal and technically
fruitful analogy, the extension of the standard notion
of allostery underlines the importance of accounting for
evolution in considering biological processes observed today.
Major clues for a systemic approach of genomic and
epigenetic processes are provided by the functional benefits of
allosteric mechanisms, namely remote control and ‘gratuitous’
coupling between signals and their downward consequences,
synchronization and concerted responses at a supramolecular
scale, tuning of the sensitivity of the response to a given
signal or event, possibility of triggering global changes
by a localized event, or conversely to control a single
localized event by a global conformational change. It would
be interesting to look for evolutionary arguments supporting
fiber allostery, for instance, to investigate whether specific
covariant modifications of histone tails or the presence of
histone variants correlate with specific DNA sequences or
repeat lengths so as to produce chromatin fiber structures
with optimized efficiency for signal transduction and genome
processing. We moreover suggest that phylogenetic analyses
similar to those performed to delineate the evolutionary origin
of allosteric proteins and ribozymes (see section 2) would be
worth to be conducted for DNA and chromatin. Furthermore, it
should be possible to design directed evolution experiments to
enhance allosteric effects, e.g. improving allosteric pathways
along DNA or chromatin fiber and the functional consequences
at active sites (typically specific binding sites) of DNA
allosteric transitions. Either direction would open a novel field
of investigations leading to better understand how topological
features and mechanical properties of DNA and chromatin
fiber may participate to the genomic processes and their
regulation.

5.2. Chemical versus physical reading of epigenetic
modifications

The above examples and discussion show the dual functional
impact of histone-tail covalent modifications. They may

have local chemical consequences in terms of molecular
recognition (the currently invoked activity of histone tail post-
translational modifications (Grant 2001)) or control chromatin
fiber allosteric behavior as described here. The first kind
of consequences follows from a local process, at the residue
level, that could be termed a ‘biochemical reading’ of histone
tail post-translational modifications. It can be enough to
have one modification to change drastically the binding
affinity of a cofactor with the histone tail and switch its
behavior, or the outcome of its competition for binding with
other factors. For example, a given HAT catalyses the
acetylation of one specific residue of one specific histone
that yields a recognition site for a cofactor (Turner 2000,
Jenuwein and Allis 2001, Eberharter and Becker 2002).
The alternative consequences of histone-tail modifications,
involving what could be termed a ‘physical reading’, occur
presumably at a larger scale, in a nonlocal and nonspecific
way. For example, acetylation of a single nucleosome relaxes
constraints on linker DNA and modifies its binding landscape
(see Box 1). Acetylation of several nucleosomes participates
in the decondensation of the fiber (Tóth et al 2004). One
may wonder whether such a mechanism provides a model for
the catastrophic decondensation following H4-K16 acetylation
(Shogren–Knaak et al 2006).

In this way, a nonspecific barrier is alleviated which
lets specific events occur. According to the context
(e.g. surrounding cofactors), the same histone covalent
modification can have both kinds of consequences. For
instance, methylation of H3 lysines either generates a
binding site, involving chemical recognition of the methylated
residue (Briggs et al 2002), or tunes DNA-binding
affinity by relaxing mechanical constraints onto DNA and
modifying its binding energy landscape. Moreover, histone
modifications participate, although in a general fashion, in
the relationship between chromatin structure, gene regulation
and metabolism. A promising field of study is to investigate
how environmental and metabolic factors influence the activity
of chromatin modifying enzymes, which in turn contributes
to transcriptional regulation via fiber allosteric properties.
Functional effects depend on the precise combination of
histone N-tail modifications, suggesting that they form a code
(Turner 2000, Jenuwein and Allis 2001). We will consider this
highly debated and open issue within our allosteric perspective
on the chromatin fiber function in the next subsection.

5.3. Fiber allostery, chromatin code and gene regulatory
networks

Chromatin fiber allostery achieves long-term and long-range
coordination of gene expression. It accounts for the joint
tuning of binding affinities of several factors, leading to
cooperativity and coordinated regulation. It underlies in an
essential way gene regulatory networks and offers a guideline
to unravel their concrete implementation and functioning.
Fiber allostery considerably enlarges the range of transcription
factors, hence centrally participates in the connectivity of these
networks. It may achieve global cis-regulation (at the level
of a chromatin loop or more) by promoting other binding
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events and activating promoters in cis. Physical features of
the chromatin fiber may control the very wiring of these
networks, making their topology highly plastic and context-
dependent, and increasing the number of ways of controlling
or modulating their functional dynamics.

Chromatin fiber allostery offers an efficient and relatively
low-cost means to achieve robust information transfer between
distant genomic sites. This transfer is fast since it amounts
to a propagation of constraints, whereas a mechanism where
the information is transferred through a transport of matter
would be slow. We have seen in Box 2 an illustration of this
time-scale difference: the reversome front propagates 10–20
times faster than the RNA-polymerase. Like any translocation-
like mechanism, this transfer centrally relies on a specific
architecture ensuring the relay of the excitation or constraint
from a place to the neighboring one. We suggest that any
fast long-range action requires a similar generalized allosteric
mechanism.

The chromatin fiber functional role is not limited
to relay signals. This role is also to emulate the
proper response, as regards gene activation or silencing,
to changes in the surrounding conditions or progression
along the cell cycle. This is achieved in the allosteric
fiber by the adapted articulation between the activity of
biochemical actors and structural, conformational, mechanical
and topological features of the fiber (we term ‘structural’ the
local features of the assembly, ‘conformational’ the global
three-dimensional features of the bead-on-string folding into
a 30 nm fiber; ‘mechanical’ the features involving kinematics
and elastic properties, and ‘topological’ the consequences of
chirality and linking number conservation). Fiber allostery
reconciles the physical approach of chromatin, seen as an
organized mechanical substrate, with that based on chromatin
biochemistry, namely specific recognition controlling specific
reactions, assemblies or pathways. These two approaches
are usually disjoint. In the biochemical approach, neither
the dynamics (out-of-equilibrium aspects, self-organization)
nor mechanical constraints are taken into account. It rather
provides a sequential and linear scenario with specific causal
determinants. This approach led to major discoveries, like
SWI factors and remodeling, RNA interference transcriptional
and post-transcriptional regulation. However, it obviously
misses some key features, like long-range interactions,
regulatory networks, mechanical constraints, actual interaction
mechanisms or stochasticity inherent to elementary reactions.
On the other hand, the physical approach is centered on
the fiber structure and conformation dynamics. However, it
misses specificity and molecular recognition. It is well known
that physical features (e.g. electrostatics or conformational
changes) affect biochemical reactions. Conversely, advances
in understanding molecular motors evidenced that biochemical
reactions are capable to produce physical effects like forces
and torques. Physical features and biochemical reactions
or binding are in constant interplay, each modulating and
regulating the others in a reciprocal relationship. The benefit of
this interplay is to endow specific but locally acting factors with
the possibility of having long-range consequences, extended
in space and time thanks to the mediation of the chromatin

fiber. Conversely, fiber influence on lower-level processes
can be explained in terms of specific triggering and tuning of
elementary biochemical processes.

Chromatin fiber allostery supports and substantiates the
proposal of a chromatin code at work in transcriptional
regulation (Turner 2000, 2007, Benecke 2006). We have
shown how signal-induced conformational changes of the
fiber can in turn promote other binding events that become
encoded in the incoming signal. The functionally required
correlation between the signal and some secondary, possibly
remote binding event is turned into a causal relationship thanks
to the mediation of the chromatin fiber. We suggest that
the decoding entity is here the chromatin fiber itself and its
allosteric transitions (Lesne 2006). Chromatin fiber ensures
the relay between the codeword (here the pattern of chromatin
features, e.g. histone post-translational modifications) and its
concrete meaning (here the expression profile). They have co-
evolved so as to relate almost deterministically a genomic
patterning to an expression profile, in a similar way as a
tRNA bridges a codon and an amino acid. However, in
contrast to the context-free genetic code, the grammar of
the chromatin code is context dependent and decoding is
performed at the level of a chromatin loop. For instance,
the connection between a signaling event (binding of some
factor) and the change in the binding affinity at another site
will be present only in the compact chromatin fiber, and
not in a more decondensed conformation. The input/output
relation is established in a context-dependent way since the
conformational change of the fiber is itself conditioned by its
surroundings. This latter remark means that a given signal can
trigger various downstream events (or none) according to the
fiber structure and its possible conformational changes. The
signal is ‘understood’ by the cell in a context-dependent way,
or even not understood at all and thus having no consequences.

6. Conclusion

The relevance and fruitfulness of extending the notion
of allostery to DNA and chromatin show that allosteric
mechanisms are by no means restricted to enzymatic catalysis.
In contrast, allostery is a ubiquitous notion, central to
biological functions, and it appears as one of the specificity of
living systems and their regulation. We argue that allosteric
principles underlie and explain the functional architecture
required for spacetime coordination, at supramolecular scales,
of a wide range of regulatory processes, in particular
genomic processes. Fiber allostery enables single localized
events to induce collective activation, for instance, localized
intercalation inducing buckling of the whole linker, localized
RNA-polymerase inducing torsional constraints within a
chromatin loop. Conversely, collective events may converge
in a single localized effect, for instance, torsional constraints
inducing a specific nucleosome transition due to steric
hindrance. Another benefit of allosteric coupling is the
possibility of specific activation of a nonspecific change, when
the effector site is specific whereas the active site is not.
For instance, each histone-tail post-translational modification
is catalyzed by a specific enzyme and induces an overall
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loosening of the fiber. Conversely, nonspecific activation
of a specific event is also possible, when the active site
is specific whereas the effector site is not. For instance,
loosening of the fiber controls the binding of a specific factor
at a specific site. We underline that the functional impact
of the fiber structure does not lie only in the control of
DNA accessibility and compaction. The part of accessibility
impairment/recovery in the regulation of genomic processes
should not be overestimated. Indeed, several experiments
investigating the in vivo mobility of synthetic molecules (with
no activity) have shown that quite large proteins can penetrate
and travel within chromatin fiber (Phair et al 2004). We argue
that the main control of transcriptional regulation achieved by
the chromatin fiber is done at the level of transcription factor
binding affinities and their tuning via the physical constraints
exerted by the fiber on the DNA stretch containing the binding
site. It is not enough that a transcription factor reaches its
binding site for actually binding DNA.

Allosteric regulation can also be associated with delayed
couplings and temporal regulation. For instance, a cycle
of acetylation/deacetylation of histone tails may monitor a
chromatin fiber breathing, if any, with a period controlled by
the kinetic rates of histone modifications (Benecke 2003). This
period prescribes an intrinsic time scale for related events.
Let us also mention coordination, synchronization, remote
control and checkpoints that can be achieved through allosteric
mechanisms at the level of a chromatin loop. Remarkably,
fiber allostery articulates processes of different natures, of
different pathways, at different scales. In summary, the
chromatin fiber can be seen as a nano-machine insofar as it
transmits strains and more generally responses to stresses and
signals from one part to another in a way achieving regulatory
functions.

Moreover, from a methodological perspective, fiber
allostery offers a guideline for unraveling mechanisms by
which biochemical actors, although acting locally, are central
in the control of genetic and epigenetic processes that are
extended in space and time. It proposes a flexible mechanism
accounting for how signals (entering the nucleus or internal
to the nucleus) are turned into operational gene regulatory
events. It gives clues to solve the main challenges of a systemic
approach bridging chromatin fiber biochemistry, functional
structure and conformational dynamics into a chromatin code
that rules transcriptional regulatory networks.
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