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Inner workings of gene folding
Michele Di Pierroa,1

The eukaryotic genome is far more than a simple DNA
polymer that encodes the sequences of proteins. The
genome, or the ensemble of DNA together with all its
associated proteins, is an information-processing ma-
chine that helps regulate the transcription of the very
genes encoded within the DNA.

Chromosomes fold in three dimensions, bringing
together segments of DNA separated by great geno-
mic distances; this architecture plays an important role
in controlling gene transcription. In different cell types
within a single organism, the same chromosomes
assume different spatial conformations. In PNAS,
Bascom et al. (1) investigate how genes fold in three
dimensions using data-driven physical simulations.

The elemental unit of chromosomal organization is
the nucleosome: 147 bp of DNA tightly wrapped
around eight histone proteins (two copies each of
histones H2A, H2B, H3, and H4). Histone proteins
undergo a vast repertoire of covalent posttranslational
modifications on many of their residues, particularly

along the flexible N-terminal domain typically referred
to as the histone tail. These epigenetic modifications
affect the structural dynamics of histones (2) and are
known to be involved in gene regulation and to cor-
relate with genome architecture (3). A DNA linker con-
nects nucleosomes to one another; the length of the
linker region is variable and also known to affect the
structural organization of the genome. A third factor
that affects the structural dynamics of the chromatin
fiber is the binding of another protein of the histone
family, the linker histone, to the DNA.

Bascom et al. (1) integrate the experimental data
describing nucleosome positioning, histone tail acet-
ylation, and linker histone binding to investigate the
folding of a 55-kb chromosomal locus at nucleosome
resolution. The locus chosen as a model system—the
HOXC gene cluster—contains five genes encoding
HOX proteins, master regulators of embryonic devel-
opment. The choice of this locus is particularly inter-
esting in light of the fact that for other genes involved
in embryonic development, variations in 3D architec-
ture have been observed to cause limb malformations
in mammals (4). Bascom et al. (1) use experimental
epigenetic data to build a detailed model of the gene
hub in vivo in which nucleosomes are represented by a
series of electrostatically charged beads, as are the
histone tails and linker histone proteins. Linker DNA
is instead represented by a wormlike chain whose
length is also modeled based on experimental data.
They then use a Monte Carlo scheme to simulate this
model and study the structural ensemble of the HOXC
gene hub and its biological functioning.

Although theoretical models have already shown
that epigenetic profiles can be used to predict the
global folding of chromosomes (5), Bascom et al. (1)
advance the field by pushing the resolution of chro-
matin modeling to a level that allows us to study the
inner workings of individual genes.

Using a mesoscale model, Bascom et al. (1) com-
pute the structural ensemble of the HOXC gene hub
from its basic physicochemical interactions, namely,
polymer connectivity and steric and electrostatic

Fig. 1. Naked DNA is decorated by proteins and epigenetic markings that differ
from locus to locus and differ between cell types within the same organism. This
ensemble of proteins that associates with the genome acts on DNA, shaping its
3D organization. In turn, the spatial architecture of the genome is involved in
transcriptional regulation of the genes encoded in the DNA. Through data-
driven physical simulations, Bascom et al. (1) show how epigenetic markers drive
the formation of the HOXC gene hub. Image courtesy of Michele Di Pierro and
Ryan Cheng (Rice University, Houston).
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interactions. Through physical simulations, they show how distinct
epigenetic features cooperate to form an array of dynamic con-
tacts bridging promoters in the HOXC gene hub. They find that
histone tail acetylation leads to increased transient contacts be-
tween chromatin segments, supporting the hypothesis that phase
separation of epigenetically modified chromatin may be one of
the leading mechanisms of genome organization (6, 7). Bascom
et al. also find that linker histone binding decreases long-range
contacts. Interestingly, they observe that the combined presence
of histone acetylation and linker histone binding instead promotes
such long-range contacts. In the HOXC gene hub, these long-
range transient DNA loops generate a contact probability map
that exhibits “stripes” near promoter regions, a feature also ob-
served in experimental contact probability maps (8) that is associ-
ated with transcriptional regulation.

In recent years, significant progress has been made in in-
vestigating nuclear architecture, leading to the generation of an
unprecedented wealth of related experimental data. DNA–DNA
proximity ligation assays on ensembles of cells report the fre-
quency of contact between all pairs of genomic loci with kilobase
resolution (3). At a lower resolution but within single cells, super-
resolution microscopy DNA tracing (9) as well as DNA cross-
linking (10) report on the physical nature of contact domains
and their shapes and the differences between homologous chro-
mosomes. All of this knowledge is now being used to build re-
alistic theoretical models of specific genes in specific cells, as
opposed to modeling chromatin in its most ideal or generic form.
The nucleosome resolution achieved in the study from Bascom
et al. (1) finally allows the study of how individual genes fold and
how gene folding affects gene regulation.

Proteins orchestrate the folding of genomes; as a conse-
quence, protein positioning data obtained from chromatin immu-
noprecipitation is necessary to reconstitute the behavior of
specific genomic loci. The patterns in which proteins bind along
the DNA polymer determine chromosome conformation, much as
the amino acid sequences of proteins determine their fold (Fig. 1).
The molecular mechanism by which proteins act on DNA to

fold it in three dimensions can be studied bottom-up with a
physicochemical approach, as in the study from Bascom et al. (1).
Alternatively, one could infer the energy landscape of gene fold-
ing from experimentally determined structural ensembles, using
DNA–DNA ligation assays in the same way that X-ray crystal-
lography has been used to crack the problem of protein folding
(11). From the Bascom et al. study and other studies (6, 12–14), it
is clear that chromosome structural ensembles are very different
from those of proteins, with the latter dominated by one (or a
few) native structures and the former characterized by transient
contacts, more akin to a liquid with phase-separated compart-
ments (6, 15) than to a crystal.

In PNAS, Bascom et al. investigate how genes
fold in three dimensions using data-driven
physical simulations.

The next few years reserve the challenge of combining the
mesoscale approach of Bascom et al. (1) with data from immuno-
precipitation, microscopy, and DNA ligation into a theoretical and
computational framework to study the fluid structural ensembles
of genes. This will also help us in developing a better understand-
ing of the molecular origins of genome 3D organization.

In summary, the study from Bascom et al. (1) demonstrates that
nucleosome-resolution modeling of specific genomic loci is now
feasible. The mesoscale theoretical model of chromatin introduced
in their study allows the investigation of the structural organization
of genes in living cells and paves the way to studying the molecular
mechanism by which 3D folding affects transcriptional regulation of
genes. We look forward to the forthcoming development of a
physical theory that integrates protein activity in the cellular nu-
cleus, gene folding, and gene regulation.
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