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owing more peripheral nuclear locations.

-:-l'ntroduction

In the human genome, gene densities define two ‘gene
Spaces’, which have been called the ‘empty quarter’ and
the ‘genome core’ and represent approximately 85%
and 15% of the genome respectively. The genome core
5 not only characterized by the highest gene density,
butalso by early replication timing, high recombination
Iequency and an open chromatin structure, whereas
the empty quarter is endowed with opposite properties.
(See Chromatin Structure and Domains; DNA Replication;
Genome Organization of Vertebrates; Isochores.)

The two intragenomic ‘major shifts’, which occurred
%parately in the independent ancestral lines of
Mammals and birds, affected the gene-rich ancestral

C-rich Isochores: Origin

Giorgio Bernardi, Stazione Zoologica *Anton Dohrn’, Napoli, Italy

In the interphase nuclei of human and other warm-blooded vertebrates, the most
ne-fich chromosomal regions are located in more intemnal positions and display much
ore spread-out conformations than the most gene-poor regions, the latter also
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genome core, which became richer in GCthan theempty
quarter. The increased thermal stability of deoxyribo-
nucleic acids (DNAs), which characterize the genome
core, suggests that a selective advantage was possibly
responsible for these changes, mammals and birds
being characterized by higher body temperatures than
cold-blooded vertebrates. (See Evolutionary History of
the Human Genome; Genomic and Chromosomal
Instability.)

These compositional changes should be considered
not only on the basis of the simple DNA sequence, but
also on the chromosomal environments where the com-
positional shifts took place. In fact, the H3" bands,
namely the chromosomal bands with the highest con-
centrations of the most GC-rich H3 isochores, are
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endowed not only with a very striking location in the
chromosomes (Saccone et al., 1992), but also with a
more relaxed chromatin conformation in the inter-
phase nuclei (Saccone et al., 2002). (See Chromosomes
21 and 22: Gene Density; Gene Distribution on Human
Chromosomes.)

Compositional Organization of
Chromosomes and Nuclei

Some genomic regions of the ancestors of present-day
mammals and birds underwent a compositional
transition, while others did not (Figure 1). The former
regions largely correspond to the human H3™ bands,
which are prevalently located in the telomeric part of
the chromosomes.

Very recent data have shown that the most GC-rich
and the most GC-poor DNA of warm-blooded
vertebrates, and more precisely DNA characterized
by GC levels of more than 50% (H3 isochore family)
and less than 38% (L1 isochore family), are located in
internal and peripheral regions of the nuclei respec-
tively (Saccone et al., 2002). Thus, DNA probes from
H3 and L1 isochores detect not only the two different
subsets of chromosomal bands, namely the H3" and
the L1% bands, but also two different nuclear
compartments (Figure 2).

The large majority of chromosomes comprise
both L1" and H3" bands (Federico et al., 2000).
It is, therefore, reasonable to assume that most
chromosomes contribute to the DNA located in both
the internal and the peripheral parts of the nuclei. This

Warm-blooded genome
= e
ey n

Major

compositional

shift
Fo=sttd g s o 1
Cold-blooded genome
Isochore family: LT w2@E Hl H2&E H3E

Figure 1 Scheme of GC-rich isochore formation at the
deoxyribonucleic acid (DNA) level. During the intragenomic
compositional major shifts, the ‘genome core’ from the ancestors
of birds and mammals increased its GC content, allowing the
formation of GC-rich isochores, which were shorter and with a much
higher compositional fluctnation than the GC-poor isochores of
the ‘empty quarter’. (Reproduced from Saccone et al. (2002).)
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is possible because, in the human chromosomes, the .
most GC-rich H3™ and the most GC-poor L1* bangs -
are largely located distally and proximally (Figure 2), :
respectively (and are therefore only rarely adjacent),
and because of the large extension of interphage
chromosomes. The observation that many chromg.
somes, especially the large ones, are spread in the
nucleus from the periphery to the interior, even if iy
different proportions (Boyle et al., 2001), supports the
proposal about a compositional polarity of the
interphase chromosomes. "

The GC intermediate band DNAs (namely the .
L1™ and H3™ bands) are characterized by a nucleat

Figure 2 [Figure is also reproduced in color section.] Chromosomﬁ}_ ;
and nuclear distribution of the H3 and L1 isochores. Human
chromosomes (top) and nuclei (bottom) hybridized with the most..
GC-rich H3 and the most GC-poor L1 isochores. The H3 and the L1
isochores were labeled with biotin and digoxigenin respectively, and
detected with tetramethylrhodamine isothiocyanate (TR_[TC)"_
avidin (red signals) and fluorescein isothiocyanate (FITC)-anti-
digoxigenin-antibody {green signals) respectively. The yellow color® -
due to the overlapping of red and green signals. Chromosomes were. -
stained with 4'-6'-diamidino-2-phenylindole (DAPI; blue). The i
chromesomes show the highest concentrations of H3 and the L1
isochores in telomeric and internal regions respectively (Saccone et
al., 1992; Federico et af., 2000). The nuclei show that the DNAS ;
corresponding to the two probes are differentially located. the mOSt -
GC-rich regions (red signals) being more internal than the most
GC-poor ones (green signals).
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}ocatifm similar to those of the .11 or H3* bands that
are close to them on mitotic chromosomes. This
X Jains why human chromosome 18 shows a periph-
eral nuclear localization, whereas the human chromo-
some 19 is located in the nuclear interior (Croft er al.,
1999). Indeed, these exceptional situations are due to
the fact that these two very small chromosomes lack
the most GC-rich H3™ and the most GC-poor L1"

pands respectively.

| The Most GC-rich and the Most
GC-poor Chromatin Architecture

. The two subsets of compositionally opposite bands
~ pot only have different locations in the nucleus, but
also correspond to different chromatin conforma-
tions, the H3* band DNA being remarkably more
relaxed than the L1% band DNA (Figure 3). This is

Chromosome
painting

understandable if we consider the special properties of
H3 isochores compared with L1 isochores. In fact, the
more open chromatin of the most gene-rich H3" band
DNA corresponds to the highest level of {ranscriptional
activity. A number of other data support these find-
ings, the chromatin corresponding to G and R bands
of mitotic chromosomes being also more dense and
more open, respectively (Croft er al., 1999), and highly
expressed sequences extending outside chromosome
territories (Volpi er al., 2000). (See Chromatin Structure
and Domains; Chromosome Structures: Visualization.)
It should be stressed that the two ‘gene spaces’,
namely the gene-rich genome core and the gene-poor
empty quarter, correspond to the genome compart-
ments located in the interior and at the periphery of the
nucleus respectively. This supports a functional
compartmentalization of the nucleus related to the
nuclear architecture, which is also demonstrated by
other findings. For example, the different replication
timing of the DNA located in the internal and

12.2

nn g

g Pk il L 2
[ Nprri—]

S T [t
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Chromosome
painting

Figure 3 [Figure is also reproduced in color section.] Differential compaction of chromatin in the human nuclei. In the nuclei, the most
G.C'l_'ich band of DNA is very decondensed compared with the most GC-poor band of DNA. This is demonstrated, for example, by in sif
hﬁ?“dization, in the interphase nuclei, of the DNA corresponding to the 9934 (GC-rich) and 12q21 (GC-poor) bands (red signals),
t.'ogether with the relative chromosome painting (green signals). The ideograms of human chromosomes 9 and 12 at §50-band resolution
sha“’_lhe H3* (red) and the L1 (blue) bands (Saccone ef al., 1999; Federico et al., 2000), together with hybridization on the relative
fﬂltouc chromosome. There is a different level of compaction, in the nuclei, of the two compositionally opposite bands of DNAs. The
“Dper and lower nuclei show the hybridization of the band DNA (red) and of the chromosome painting (green) respectively. In the

Tiddle nuclej, the two images overlap. The nuclei were stained with DAPI (blue). (Modified from Saccone er al. (2002).)
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peripheral part of the nucleus (Sadoni et al., 1999) is in
general agreement with the nuclear location of the
most GC-rich H3* band DNA, which is replicated at
the onset of the S-phase, and of the most GC-poor L1
band DNA, which is replicated at the end (Federico
et al., 1998, 2000). (See Chromatin in the Cell Nucleus:
Higher-order Organization; DNA Replication.)

Chromatin Organization Leads to
Formation of the GC-rich Isochores

The different spatial distribution of genes in the
nucleus and the different chromatin compaction,
largely related to the levels of transcriptional activity,

Cold-blooded
vertebrates

Gene-rich regions
modestly GC-rich

Metaphase

g Centromeres

% Nucleolar organizers

Major
compositional
shift

— -

Nucleclus

\ /

Nucleus

—>

Interphase

are general not only for the warm-blooded vertebrag
but possible for all vertebrates, as expected from Pre,
vious comparative investigations (Bernardi, 20y
The different chromatin compaction of isochop.
belonging to different families in interphase nygj:
suggests a model for the compositional transition fiy
the “ancestral’, modestly GC-rich, genome core of ¢colg.
blooded vertebrates to the very GC-rich genome ¢q
of warm-blooded vertebrates. Indeed, as body tempe
ature increased with the appearance of homeothery
in the ancestors of mammals and birds, the DNA
located in the very open chromatin may have needs
GC increase to be stabilized, whereas this increase wag
not needed for the DNA already stabilized by
closed chromatin structure (Figure 4). This workin
hypothesis would account for two important featur

Warm-blooded
vertebrates

Gene-rich regions
very GC-rich

e Centromeric heterochromatin
2, tDNA in the nucleolus

-«—» Corresponding metaphase and interphase chrormosomal regions

Cold-blooded vertebrates

# Gene-poor chromosome regions

& . .
-, Gene-rich chromosome regions

Gene-poor transcriptionally inactive chromatin

"1 Gene-rich transcriptionally active chromatin

Warm-blooded vertebrates

§ Gene-rich chromosome regions

15 Gene-rich transcriptionally active chromatin

Figure 4 Regional compositional changes in the vertebrate genome. Two chromosomes are represented in their mitotic and
interphasic configurations. In warm-blooded vertebrates, the chromosomal regions with the highest concentration of genes are shown
(representation of the H3* bands, the genome core). In the nucleus, these regions are more open relative to the remaining gene-poot

regions (empty quarter). If we consider that this could be the situation also in the cold-blooded vertebrates, the GC-rich isochore

3 Could :

arise to enhance their thermal stability, the chromatin being highly decondensed. This stabilization was not needed in cold-blooded
vertebrates, because of their lower body temperature, and in the empty quarter of warm-blooded vertebrates, where the stability 1§ prov!
by the compact chromatin structure itself. This could explain why the compositional changes were regional, instead of concerning the

whole genome..(Modified from Saccone et al. (2002).)
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- fthe formation of GC-rich isochores: only the gene-
_ch minority of the genome, the genome core, under-
- gent the change; and the change affected both coding

a0d noncoding sequences of this part of the genome.

See also

- pvolutionary History of the Human Genome
- gene Structure and Organization
genome Organization
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Gel Electrophoresis

rinciple of Gel Electrophoresis

lectrophoresis is the migration of charged particles or
Molecules in an electric field. This occurs when the
Ubstances are in aqueous solution. The speed of

gration is dependent on the applied electric field
Strength and the charges of the molecules. Thus,
ifferently charged molecules will form individual
1es while they migrate. In order to keep diffusion
the zones to a minimum, electrophoresis is carried

einer Westermeier, Amersham Biosciences Europe GmbH, Freiburg, Germany

ucleic acids are separated and displayed using various modifications of gel
ectrophoresis and detection methods. Gel electropharesis is the core technique for
enetic analysis and purification of nucleic acids for further studies. Gel electrophoretic
ethods provide the highest resolution of all protein separation techniques.
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o Principle of Gel Electropharesis

Ll :

o Polyacrylamide Gel Electrophoresis

= Ag

out in an anticonvective medium such as a viscous
fluid or a gel matrix. Therefore, the speed of migration
is also dependent on the size of the molecules. In this
way fractionation of a mixture of substances is
achieved with high resolution.

Electrophoretic mobility

The electrophoretic mobility is dependent on external
factors like electric field strength, viscosity, gel
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