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cient quantities of extremely pure polypeptides to be used direcy
for the generation of both menoclonal and polyclonal antibodies.
Under certain circumstances, individual CBB-stained protein spots
have been excised from whole gels and used for the direct immu-
nization of rabbits for polyclonal antibody formation.

In addition to antibody production, recent analytical advances in
the area of Edman N-terminal amino acid microsequencing have
made it possible to obtain N-terminafl and fnternal amino acid mi-
crosequence information for polypeptide spots isolated directly
from 2D-PAGE gels, as schematically illustrated in Figure 5.

Following 2D-PAGE, proteins are electrophoretically transferred
to PVDF membrane supports and visualized using either CBB or
Ponceau S staining. CBB staining is two to three times more sensi-
tive that Ponceau S staining, but Ponceau S is more desirable if N-
terminal blockage necessitates subsequent enzymatic hydrolysis of
individual proteins, Regardless of the mode of visualization, indi-
vidual protein spots of interest arc then cut from the stained mem-
branes and inserted directly into a gas phase microsequencer and N-
terminal amino acid sequencing is performed.

Figure 7 is a 2D-PAGE map of RLE “nuclear sap™ proteins elec-
troblotted to PYDF membrane and stained with Ponceau S. If a pro-
tein is not N-terminally blocked (e.g., acetylated, glycosylated,
etc.), proteins cxpressed as little as 5—-10 pmol (250500 ng of 50
kDa protein) can be casily sequenced. N-Terminally blocked pro-
teins require additional chemical and/or enzymatic cleavage and pu-
rification by high performance liquid chromatography prior to se-
quence analysis. Under optimal conditions 10-15 amino acid
residucs can usually be obtained from as little as 1-10 pmol of un-
blocked protein (Figure 7: proteins 392 and 1332), with some pro-
teins such as heat shock protein 60 yielding up to 23 residues. The
sequence data can then be used to search various protein sequence
databases (e.g., PIR, PATCHX, SWISSPOT) for protein identifica-
tion or sequence homology comparisons. If a protein has not been
characterized or its identity is unknown (Figure 7: proteins 392,
1079, 1332), the partial sequences can be used for additional char-
acterization studies. These include the large-scale chemical synthe-
sis of corresponding poly(oligo)-peptides for both polyclonal and
monoclonal antibody preparation as well as for the design and syn-
thesis of specific oligonucleotide probes for ¢cDNA isolation. gene
cloning, and subscquent genetic analysis.

5 CONCLUDING REMARKS

The technique of 2D-PAGE provides an extremely powerful ana-
Iytical method for the separation of complex protein mixtures. With
recent refinements in protein microsequencing techniques, it pro-
vides a valuable link between protein biochemistry and molecular
biology.

See also HPLC ofF BrorLocicaL MACROMOLECULES;
PROTEIN ARCHITECTURE AND ANALYSIS; PROTEIN Pu-
RIFICATION; PROTEINS AND PEPTIDES, [SOLATION FOR
SEQUENCE ANALYSIS OF.
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Key Words

Chromosomal Bands During mitosis, chromosomes condense
and, at metaphase, they are characterized by specific staining
properties. Under standard conditions, Giemsa staining pro-
duces a total of about 400 bands that comprise, on average, 7.5
million base pairs (Mb) of DNA.

Genome  Every living organism contains, in its genome, all the
genetic information that is required to produce its proteins (as
well as some ribonucleic acids, which are not translated into
protein) and is transmitted to its progeny. The genome consists
of DNA, which is made up of two complementary strands
wound around each other to form a double helix. The building
blocks of each DNA strand are deoxyribonucleotides. These
are formed by a phosphate ester of deoxynbose (a sugar),
linked to one of four bases: two purines [adenine (A) and gua-
nine (G)] and two pyrimidines [thymine (T} and cytosine (C)/.
In the DN A double helix, purines pair with pyrimidines (A with
T, G with C).

Isochores  Long regions of DNA characterized by homogeneity of
base composition. Isochore size is 0.2-1.5 Mb or more. [s0-
chores belong to a small number of families having distinet
compositions.

This article deals with the organization of nucleotide sequences in
the human genome and with the evolutionary history of such orga-
nization. Far from being an ensemble of genes scattered over vast
expanses or intergenic sequences, the genome is highly ordered
from the nucleotide level to the chromosomal level. Nucleotide se-
quences, whether in the 3% of the genome formed by coding se-
quences or in the 97% formed by noncoding sequences, obey pre-
cise rules that amount to a genomic code.
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1 INTRODUCTION

The term genome was coined three-quarters of a century ago by the
German botanist Winkler, to designate the haploid chromosome set.
While current textbooks of molecular biology do not yet go beyond
the purely operational definition (i.e., the eukaryotic genome is the
sumn total of genes and intergenic sequences), a number of molecu-
lar biologists have been thinking for some time that the genome is
more than the sum of its parts. This implies the existence of struc-
tural and functional interactions between the coding sequences (the
minority) and the nonceding sequences (the great majority). This
general rather vague concept has been changed into a precise one
by the discovery, in our laboratory, of compositional genome prop-
erties. These properties, which have mainly been defined by inves-
tigations on the nuclear genome of vertebrates, are briefly outlined
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Figure 1. Scheme of the isochore organization of the human genome. This
genotme, which 18 a typical mammalian genome, is a mosaic of large (= 300
kb} DNA sepments, the isochores. These are compositionally homogeneous
(above a size of 3 kb) and can be subdivided into a small number of fami-
lies: GC-poor (L1 and L2), GC-rich (H1) and (H2), and very GC-rich (H3).
The GC range of the isochores from the human genome is 30-60%. [From
Bernardi (1993).]
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Figure 2. Histogram of the isochore families from the human genome.
The relative amounts of major DNA components derived from isochore fam-
ilies Lie L1 + 1L.2), HI, H2, and H3 are superimposed on the cesium chlo-
ride profile of human DNA. [From Mouchiroud et al. (1991).]

here. They comprise the isochore organization, the compositional
patterns of DNA fragments (or molecules) and of coding sequences,
the compositional correlations between coding and noncoding se-
guences and, above all, the gene distribution and its associated func-
tional propertics.

2 GENOME ORGANIZATION
AND GENE DISTRIBUTION

The mammalian genomes are mosaics of isochores (Figure 1)} —
long (== 300 kb) DN A segments that are homogeneous in base com-
position and cover a 30-60% GC range. This is an extremely wide
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Figure 3. Compositional patterns of vertebrate genomes. Top: Cesium
chloride (CsCl profiles of DNAs from Xeropus, chicken, mouse, and man.
[From Thiery et al. (1976}]. Botrom: Histograms showing the relative
amounts, modal buoyant densities, and GC levels of the major DNA com-
ponents from Xenopus, chicken, mouse, and man, as estimated after {rac-
tionation of DNA by preparative density gradient centrifugation in the pres-
ence of a sequence-specific DNA ligand [Ag™ or bis(acetatomercurimethyl)
dioxane) (BAMD]}]. The major DNA components arc the families of large
DNA fragments (see Figure 1) derived from different isochore tamilies.
Satellite and minor DNA components (such as dbosomal DNA)Y are not
shown in these histograms, (From Bernardi (1993).]
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Figure 4. Compositional distribution of third-codon positions [rom vertebrate genes. The number of genes taken into account is indicated. A 2.3% GC win-

dow was used, [From Bernardi (1993).]
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Figure 5. (A) GC levels of third-codon positions from human genes are
plotied against the GC levels of DNA fractions (dots) ur extended sequences
(circles) in which the genes are located. The correlation cocfficient and slope
are indicated. The dot—dash line is the diagonal line (slope = ). GC levels
of third-codon posiions would fall on this line if they were identical to GC
levels of surrounding DNA, The broken lines indicate a =5% GC range
around the slope. [From Mouchiroud et al. {1991).
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Figurc 6. Profile of gene concentration in the human genome as obtained
by dividing the relative amounts of genes in each 2.5% GC interval of the
histogram by the corresponding relative amounts of DNA deduced rom the
CsCl profile. The apparent decrease in gene concentralion for very high GC
values (broken line) is duc to the presence of TDNA in that region. The last
concentration values are uncertain because they correspond 1o very low
amounts of DNA, [From G. Bernardi (1993).]
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range, almost as wide as that covered by all bacterial genomes
(25-72% GC). In the human genome, isochores can be assigned to
two GC-poor families (L1 and L2), representing two-thirds ol the
genome, and to three GC-rich families (H1, H2, and H3), forming
the remaining third (Figure 2).

The compositional disiributions of large (> 100 kb) genome
fragments, such as those forming routine DNA preparations. of ex-
ons (and particularly of their third-codon positions) and of introns,
represent compositional patterns. These correspond to genome phe-
notypes in that they differ characteristically not only between cold-
and warm-blooded vertebrates, but also between mammals and
birds and cven between murids and most other mammals (Figures
3and 4).

Compositional correlations exist between exons (and their codon
positions) and isochores (Figure 3), as well as between exons and
introns. These correlations concern, therefore, coding and noncod-
ing sequences and are not trivial, since coding sequences make up
only about 3% of the genome, whereas noncoding sequences corre-
spond to 97% of the genome. The compositional correlations rep-
resent a genomic code. It should be noted that a universal correla-
tion holds among GC levels of codon positions (third positions
against first and/or second positions). Both the genomic code and
the universal correlation are apparently due to compositional con-
straints working in the same direction (toward GC or AT). although
Lo different cxtents on coding and noncoding sequences as well as
on different codon positions.

The compositional correlations between GC, (the GC level of
third-codon positions) and isochore GC have a [_Jract.] cal interest in
that they allowed us to position the coding sequence histograms of
Figure 4 relative to the cesium chloride profile of Figure 3 und 1o
assess the gene distriburion in the human genome. In fact, if one di-
vides the relative number of genes per histogram bar by the corre-
sponding relative amount of DNA, one can see thal gene concen-
tration is low and comstant in GC-poor isochores L1 and L2,
increases with increasing GC in isochore fumilies H1 and H2, and
reaches & maximum in isochore family H3, which exhibits at least
a 20-fold higher gene concentration compared to GC-poor isochores
(Figure 6).

The H3 isochore family has been called the human genome core
because it corresponds to the functionally most significant part of
the human genome. Indeed, the H3 isochore family is endowed not
only with the highest gene (and CpG island) concentration, but
also with an open chromatin structure (as witnessed by the acces-
sibility to DNases, as well as by the scarcity of histone H1, the
acetylation of histones H3 and H4, and the wider nucleosome
spacing), with the highest transeription and recombination levels
and with an early replication timing. The genes of the genome core
have the highest GC, levels relative to their flanking sequences,
have the shortest exons and introns, exhibit an extreme codon
usage, and encode proteins characterized by amino acid frequen-
cies differing from those of proteins encoded by GC-peor iso-
chores.

The human genome core is located in T (telomeric) bands which
are essentially formed by GC-rich isochores (mainly of the H2 and
H3 families). In contrast, R" bands—that is, the subset of R bands
comprising reverse bands exclusive of T bands, consist of both
GC-rich isochores (of the H1 lamily) and GC-poor isochores.
Finally, G{iemsa) bands are formed almost exclusively by
GC-poor isochores. The difference in GC level between G bands

and T bands is about 15%. About 20% of genes arc present in
G bands and about 80%% in R bands (60% of them in T bands).
The location of a majority of genes in T bands is of interest in
view of the association of tclomeres with the nuclear matrix and
envelope.

3 GENE DISTRIBUTION IN
VERTEBRATE EVOLUTION

It should be stressed that the gene distribution reported for the hu-
man genome seems to have been conserved in evolution, since
genes show their highest concentration in the GC-richest isochores
of all vertchrates.

In the case of homologous mammalian genes, it has been possi-
ble to show that third-codon-position synonymous substitutions ex-
hibit frequencies and compositions that strongly suggest natural se-
lection. Under these circumstances, the compositional changes n
noncoding sequences, which are correlated with those occurring in
third-codon positions, suggest that noncoding sequences are nol
junk DNA, but must fulfill some functional role.

As already mentioned, the compositional pattern of the human
genome, which is typical of the genomes of most mammals and sim-
ilar to the genomes of birds, is strikingly different from the compo-
sitional patterns of cold-blooded vertebrates, which exhibit a much
lower degree of heterogeneity and are characterized hy metaphase
chromosomes, which do not show R-banding. These different
genome phenotypes of warm- versus cold-blooded vertebrates arc
due to compositional changes. While the gene-poor, GC-poor iso-
chores have undergone little or no compositional change in verte-
brates genomes, the gene-rich, GC-rich isochores are those that un-
derwent compositional changes in evolution.

See also MamMmaLIAN GENOME; MOUSE GENOME;
TanpEMLY Repeaten  Non-Coning  DNA - Se-
QUENCES.
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Key Words

Epigenetic Modification Changes in the phenotype that are not
due to alterations in the genotype (i.e., mutations in the DNA),

Exons Eukaryotic genes are encoded in discontinuous segments,
where the coding portions are interrupted by noncoding se-
quences of unknown function (see introns). Both exonic and
intronic sequences are transcribed into a nuclear precursor
RNA. The segments of a enkaryotic gene that is preserved in
the mature mRNA are the exon sequences. Prokaryotic genes
usually are not split and, thus, are encoded by a contiguous
DNA sequence.

Introns Represent a segment of DNA that is transcribed into
RNA in the nucleus of the eukaryotic cell, but is excised by
RNA splicing before the exportation of mature mRNA to the
cytoplasm,

Nucleosome The basic structural subunit used to condense DNA
in a cell. The nucleosome consists of approximately 200 base
pairs of DNA wrapped around a protein core made up of his-
tone proteins.

Promoter The nucleotide sequence in the DNA to which the RNA
polymerasc binds when it begins transcription.

RNA Splicing The process by which introns are removed from a
nuclear precursor RNA during formation of a functional
mRNA.

TATA Box A conserved TATAAA sequence found about 25-30
base pairs upstream of the transcription initiation site in eu-
karyotic RNA polymerase 11 promoters. (A similar sequence
element is also found in prokaryotic promaoters, the —10 ele-
ment.}) The TATA box binds the general transcription factor
TFIID and helps position the RNA polymerase for correct
initiation.

TFID  Transcription factor D for RNA polymerase 11D a general
transcription factor that interacts with the TATA box. It con-
sists of the TATA-binding protein (TBP), which makes contact
with the TATA box and several TBP-associated factors (TAFs),
which are required for regulation of transcription.

Translation The process by which the ribosome reads the nu-
cleotide sequence of the mRNA and directs the incorporation
amino acids into protein.

U snRNP  The uridine-rich, small nuclear ribonucleoprotein par-
ticles contained in large quantity in the nuclei of eukaryotic
cells. The Ul, U2, U4, U3, and U6 snRNPs have all been
shown to be involved in RNA splicing. Other U snRNPs serve
other functions in the cell.

Genetic information is transmitted between generations of a species
in the form of a stable DNA molecule. This molecule is replicated
before cell division to ensure that all offspring receive the same ge-
netic constitution. Expression of the genetic information has been
summarized in the so-called central dogma, according to which the
flow of genetic information in a cell is transmitted from the DNA to
an RNA intermediate to a protein.

Organisms are divided into two major groups, depending on
whether their cells possess a nucleus: the prokaryotes, which in-





