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“Genome-wide studies on DNA packaging and on how information is encoded in
DNA to influence nucleosome arrangements may be beginning to reveal how
enhancers function to regulate genes and how epigenetic modifications can bring
about change.”

Recent applications of genomic approaches to
long-standing problems have set the stage for
potential breakthroughs in gene regulation, and
in providing new insights into disease mecha-
nisms and possible intervention strategies. The
details of how DNA is packaged in order to
provide a compact organized state in the cell
nucleus, while at the same time allowing both
constitutive and tissue-specific gene regulation
and other cellular functions, have eluded us.
This difficulty is not surprising owing to the
complexity of the problem. Nevertheless, many
chromatin structure and nuclear organization
models have been proposed over the years, and
models tend to have a large influence on how
we think about gene regulation and other cel-
lular mechanisms. Several recent studies have
serendipitously revealed some unexpected
things about the organization of chromatin in
the nucleus. Genome-wide studies on DNA
packaging and on how information is encoded
in DNA to influence nucleosome arrangements
may be beginning to reveal how enhancers
function to regulate genes and how epigenetic
modifications can bring about change.

“...many chromatin structure and nuclear
organization models have been proposed
over the years, and models tend to have a
large influence on how we think about gene
. . ”»
regulation and other cellular mechanisms.

The following picture has emerged over the
years. The nucleus appears to be well organized
and chromosomes have territories [1]. There
may be many chromatin fiber loops present [2].
The bulk of the chromatin (the protein—-DNA
complex in the nucleus) has generally been
thought of as having a well-defined and uni-
form structure. For example, the solenoid
model [3] has dominated the literature for more
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than 30 years. Recently, the somewhat modi-
fied ‘interdigitated’ solenoid model [4] or the
very different ‘zigzag’ model [s], which resem-
bles two side-by-side stacks of coins twisted
about each other, have become popular [s].
Chromatin, whatever its structure is, consists of
very long arrays of nucleosomes, the fundamen-
tal building blocks of chromatin. Each nucleo-
some contains 147 bp of DNA tightly wrapped
1.7-times around a protein spool made of two of
each of the four core histones [7]. Each nucleo-
some is separated from its neighbor by a stretch
of linker DNA, which can vary in length. In
mammalian cells, linker DNA lengths vary
from 18 to 80 bp [8]. In yeast (Saccharomyces
cerevisiae), which has much shorter linkers than
mammals, nearly 80% of the nucleosomes are
in some way positioned with respect to the
DNA sequence [9]. The extent of genome-wide
nucleosome positioning in mammalian cells has
not yet been determined.

The mechanism through which enhancer
elements regulate genes from great distances
undoubtedly involves chromatin. A popular
idea is that the DNA between an enhancer and
a transcriptional promoter loops out to allow
interactions to occur between DNA-binding
proteins that are far apart along the DNA [10].
If the initially inactive gene were packaged into
a solenoid-like chromatin structure, activation
would need to involve extensive remodeling
so as to first unfold the condensed solenoid to
make it flexible enough to loop. Although rea-
sonable, this type of remodeling has not been
clearly demonstrated. Alternatively, the nuclear
address model postulates that there are active
and inactive compartments in the nucleus [1].
Active genes are directed to active nuclear com-
partments by enhancer elements, which bind to
proteins that are located in the active compart-
ments. Active compartments of the nucleus may
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be enriched in transcription factors and other
proteins required for gene activation. It is fair to
say that despite 30 years of effort it is not really
known how enhancers act at a distance.

Also present in genomic DNA are insula-
tor elements that serve to control or restrict
enhancer activity [11]. An insulator placed
between an enhancer and a promoter negates
the activating effect of the enhancer, at least
in artificial sequence contexts. Recently, by
assaying extremely conserved human and
mouse sequences for enhancer activity, it has
been suggested that there are many function-
ally redundant short (~200 bp) DNA sequences
in the mammalian genome that can serve as
enhancers [12]. The number of such sequences
was increased further when DNA structural
considerations, rather than just sequence, were
taken into account [13). It is likely that the
number of insulator sequences in the genome
is also large [14], although experimental esti-
mates using the methods applied to enhancers
have not yet been made. In Drosophila, many
‘boundary elements’, which appear to limit
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Figure 1. Fractal nucleosome packing
arrangement using the Sierpinski triangle
as an example. Only a small portion of the
nucleus is shown. (A) Three nucleosomes form
a small triangle. (B) A larger triangle containing
nine nucleosomes is made from three small
triangles. (C) A still larger triangle containing
27 nucleosomes is made from three triangles as
shown in (B); then another even larger triangle
containing 81 nucleosomes is made from three
of those triangles and so on. The encircled
triangles correspond to the whole previous
structure (wavy arrows). All of the triangles are
self-similar, and are less dense in their central
regions than in their peripheral regions.
Packaging in this way can continue until the
nucleus is filled.
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the domain over which enhancers act, exist.
Boundary elements also function as insula-
tors [15]. Interestingly, the proteins that bind to
boundary elements interact, apparently caus-
ing the DNA (really chromatin) between the
elements to form loops [15].

.. there are many functionally redundant
short (~200 bp) DNA sequences in the
mammalian genome that can serve
as enhancers.”

A method called chromosome conformation
capture was developed to detect and quantitate
the extent to which one region of chromatin is
proximal to another region [10]. The chromatin
in cells is fixed, the DNA is cut with a restric-
tion enzyme, the chromatin is then treated
with DNA ligase and the extent of ligation
between any two nonadjacent regions is deter-
mined by PCR. Thus, DNA looping interac-
tions between any two specific regions can be
assessed. Recently, a modification of this tech-
nique using massively parallel sequencing was
applied to detect all of the looping interactions
in the genome (at a resolution of ~1 Mb) in a
human lymphoblastoid cell line [16]. Somewhat
serendipitously, an interesting pattern emerged
revealing folding principles of the human
genome. These experiments revealed the pres-
ence of two compartments in the nucleus, which
were referred to as ‘open’ and ‘closed” chroma-
tin. The open chromatin possessed fewer loop-
ing interactions at any particular linear DNA
distance than the closed chromatin. In addi-
tion, evidence of a fractal packaging pattern
was obtained whereby a globular chromatin
structure is successively folded into larger and
larger globules that are self-similar on all scales.
This packaging scheme was termed a fractal
globule. The idea is illustrated in Ficure 1 using
the well-known Sierpinski triangle fractal. The
actual fractal pattern and chromatin structures
are not known, but the authors suggest that
DNA folding may resemble a Peano curve (see
Ficure 2), which can fill an entire space without
ever crossing itself [17]. Thus, the fractal globule
is a knot-free arrangement that enables dense
packing while allowing particular loci to easily
fold, unfold or rearrange [16].

The fractal globule packaging of the genome,
consisting of many DNA loops, taken together
with the presence of many enhancer-like
sequences and many insulators that interact
with each other suggest that genes may be
regulated as illustrated in Ficure 2. Insulators,
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which might more appropriately be called loop
configuring elements, serve to stabilize and to
rearrange chromatin loops by binding proteins
that can interact with each other. To activate a
gene, the loops are arranged so that an enhancer
is proximal (in space) to the gene promoter.
Alternatively, to insure the gene is inactive, loops
are arranged so that enhancers are kept away
from the promoter. Chromatin loop arrange-
ments are induced by histone modifications,
which can influence chromatin structure, [18,19],
and by DNA methylation, which regulates pro-
tein binding to insulators [11]. The details of
these processes are currently unknown.

“..the fractal globule is a knot-free
arrangement that enables dense packing
while allowing particular loci to easily fold,
unfold or rearrange.”

The chromatin structures that give rise to
the fractal globule packaging may be con-
sequences of the nucleosome arrangements
along the DNA. It has recently been shown
that 7z vitro the chromatin higher order struc-
ture is strongly influenced by the nucleosome
arrangement. Tandemly repeated nucleosome
positioning sequences having different uniform
internucleosome spacing, made using synthetic
DNA, folded into dramatically different struc-
tures under identical conditions [20]. In cellular
chromatin, DNA linkers are not uniform, and
nonsolenoid models predict that many differ-
ent intricately folded chromatin structures are
possible [21,22].

Nucleosome arrangements are unlikely to
be random. There is evidence that nucleosome
positioning, resulting from DNA sequence-
dependent bending around the histone core
of the nucleosome, leads to different nucleo-
some arrangements [23] which correlate with
chromosome function [24]. Although claims
that there is a genomic code for nucleosome
positioning [25] appear to be exaggerated [26],
the extent of nucleosome positioning encoded
in genomic DNA may be sufficient to direct
the formation of chromatin structures that are
consistent with the fractal globule chromatin
packaging in the nucleus. It is also plausible
that regions of chromatin do not have to be
glued together by specific protein—protein
interactions. Rather, self-similar structures
might interact with each other through mul-
tiple weak interactions, such as van der Waals
interactions. Chromatin remodeling would be
expected to disrupt such interactions.
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Figure 2. Remodeled chromatin Peano
curves showing how ‘insulators’,
enhancers and programmed chromatin
structures cooperate to achieve gene
regulation. In this hypothetical example, the
chromatin fibers (thick lines) are programmed
by the underlying DNA sequence to pack like a
(slightly perturbed) Peano curve (Hilbert
construction), a densely packed fractal pattern
made by repeatedly duplicating staple-like
shapes and then connecting them [17]. In other
regions of the nucleus, the chromatin may be
programmed to pack in a different way. The
small filled circles represent loop configuring
elements (insulators); E denotes the location of
an enhancer element. (A) Gene off. The loop
configuring elements interact through
DNA-binding proteins to keep the enhancer
away from the promoter region in front of the
gene (shown by the right-angle arrow).

(B) Gene on. Chromatin is remodeled, and the
loop configuring elements then interact
differently to place the enhancer close to

the promoter.

E: Enhancer.

Many human syndromes are associated with
defects in transcriptional regulation [27]. These
include mutations in chromatin remodeling fac-
tors. It is also becoming increasingly clear that
epigenetic changes are associated with disease
states [28.29]. The new picture of DNA packaging
provided by genome-wide experiments, together
with the realization that information exists in
genomic DNA that influences nucleosome posi-
tioning, nucleosome arrangements and chroma-
tin structure, should provide new insights into
the mechanisms involved in gene regulation and
human disease.
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