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Important information

• How to study for this class?


• ! the content of the videos is extra - no need to study it


• Nice extra videos (on Moodle)


• Question: how is the heterochromatin replicated?
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Quick recap  3

cells, like computers, store information, and it is estimated that they have been 
evolving and diversifying for over 3.5 billion years. It is scarcely to be expected 
that they would all store their information in the same form, or that the archives 
of one type of cell should be readable by the information-handling machinery of 
another. And yet it is so. All living cells on Earth store their hereditary informa-
tion in the form of double-stranded molecules of DNA—long, unbranched, paired 
polymer chains, formed always of the same four types of monomers. !ese mono-
mers, chemical compounds known as nucleotides, have nicknames drawn from 
a four-letter alphabet—A, T, C, G—and they are strung together in a long linear 
sequence that encodes the genetic information, just as the sequence of 1s and 0s 
encodes the information in a computer "le. We can take a piece of DNA from a 
human cell and insert it into a bacterium, or a piece of bacterial DNA and insert 
it into a human cell, and the information will be successfully read, interpreted, 
and copied. Using chemical methods, scientists have learned how to read out the 
complete sequence of monomers in any DNA molecule—extending for many mil-
lions of nucleotides—and thereby decipher all of the hereditary information that 
each organism contains.

All Cells Replicate Their Hereditary Information by Templated 
Polymerization
!e mechanisms that make life possible depend on the structure of the double-
stranded DNA molecule. Each monomer in a single DNA strand—that is, each 
nucleotide—consists of two parts: a sugar (deoxyribose) with a phosphate group 
attached to it, and a base, which may be either adenine (A), guanine (G), cytosine 
(C), or thymine (T) (Figure 1–2). Each sugar is linked to the next via the phos-
phate group, creating a polymer chain composed of a repetitive sugar-phosphate 
backbone with a series of bases protruding from it. !e DNA polymer is extended 
by adding monomers at one end. For a single isolated strand, these monomers 
can, in principle, be added in any order, because each one links to the next in the 
same way, through the part of the molecule that is the same for all of them. In the 
living cell, however, DNA is not synthesized as a free strand in isolation, but on 
a template formed by a preexisting DNA strand. !e bases protruding from the 
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Figure 1–2 DNA and its building blocks. 
(A) DNA is made from simple subunits, 
called nucleotides, each consisting of a 
sugar-phosphate molecule with a nitrogen-
containing side group, or base, attached to it. 
The bases are of four types (adenine, guanine, 
cytosine, and thymine), corresponding to 
four distinct nucleotides, labeled A, G, C, 
and T. (B) A single strand of DNA consists 
of nucleotides joined together by sugar-
phosphate linkages. Note that the individual 
sugar-phosphate units are asymmetric, 
giving the backbone of the strand a definite 
directionality, or polarity. This directionality 
guides the molecular processes by which the 
information in DNA is interpreted and copied 
in cells: the information is always “read” in 
a consistent order, just as written English 
text is read from left to right. (C) Through 
templated polymerization, the sequence of 
nucleotides in an existing DNA strand controls 
the sequence in which nucleotides are joined 
together in a new DNA strand; T in one 
strand pairs with A in the other, and G in one 
strand with C in the other. The new strand 
has a nucleotide sequence complementary 
to that of the old strand, and a backbone 
with opposite directionality: corresponding 
to the GTAA... of the original strand, it has 
...TTAC. (D) A normal DNA molecule consists 
of two such complementary strands. The 
nucleotides within each strand are linked 
by strong (covalent) chemical bonds; the 
complementary nucleotides on opposite 
strands are held together more weakly, by 
hydrogen bonds. (E) The two strands twist 
around each other to form a double helix—a 
robust structure that can accommodate any 
sequence of nucleotides without altering its 
basic structure (see Movie 4.1).
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complexes. Once this covering has been stripped away, each chromatid can be 
seen in electron micrographs to be organized into loops of chromatin emanating 
from a central sca!olding (Figure 4–60). Experiments using DNA hybridization 
to detect speci"c DNA sequences demonstrate that the order of visible features 
along a mitotic chromosome at least roughly re#ects the order of genes along the 
DNA molecule. Mitotic chromosome condensation can thus be thought of as the 
"nal level in the hierarchy of chromosome packaging (Figure 4–61).

$e compaction of chromosomes during mitosis is a highly organized and 
dynamic process that serves at least two important purposes. First, when conden-
sation is complete (in metaphase), sister chromatids have been disentangled from 
each other and lie side by side. $us, the sister chromatids can easily separate 
when the mitotic apparatus begins pulling them apart. Second, the compaction 
of chromosomes protects the relatively fragile DNA molecules from being broken 
as they are pulled to separate daughter cells.

$e condensation of interphase chromosomes into mitotic chromosomes 
begins in early M phase, and it is intimately connected with the progression of 
the cell cycle. During M phase, gene expression shuts down, and speci"c mod-
i"cations are made to histones that help to reorganize the chromatin as it com-
pacts. Two classes of ring-shaped proteins, called cohesins and condensins, aid 
this compaction. How they help to produce the two separately folded chromatids 
of a mitotic chromosome will be discussed in Chapter 17, along with the details 
of the cell cycle. 

THE GLOBAL STRUCTURE OF CHROMOSOMES
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Figure 4–60 A scanning electron micrograph of a region near one end 
of a typical mitotic chromosome. Each knoblike projection is believed to 
represent the tip of a separate looped domain. Note that the two identical 
paired chromatids (drawn in Figure 4–59) can be clearly distinguished.  
(From M.P. Marsden and U.K. Laemmli, Cell 17:849–858, 1979. With 
permission from Elsevier.)

Figure 4–61 Chromatin packing. This 
model shows some of the many levels 
of chromatin packing postulated to give 
rise to the highly condensed mitotic 
chromosome.
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Eukaryotic DNA Is Packaged into a Set of Chromosomes
Each chromosome in a eukaryotic cell consists of a single, enormously long linear 
DNA molecule along with the proteins that fold and pack the !ne DNA thread into 
a more compact structure. In addition to the proteins involved in packaging, chro-
mosomes are also associated with many other proteins (as well as numerous RNA 
molecules). "ese are required for the processes of gene expression, DNA repli-
cation, and DNA repair. "e complex of DNA and tightly bound protein is called 
chromatin (from the Greek chroma, “color,” because of its staining properties).

Bacteria lack a special nuclear compartment, and they generally carry their 
genes on a single DNA molecule, which is often circular (see Figure 1–24). "is 
DNA is also associated with proteins that package and condense it, but they are 
di#erent from the proteins that perform these functions in eukaryotes. Although 
the bacterial DNA with its attendant proteins is often called the bacterial “chro-
mosome,” it does not have the same structure as eukaryotic chromosomes, and 
less is known about how the bacterial DNA is packaged. "erefore, our discussion 
of chromosome structure will focus almost entirely on eukaryotic chromosomes. 

With the exception of the gametes (eggs and sperm) and a few highly special-
ized cell types that cannot multiply and either lack DNA altogether (for example, 
red blood cells) or have replicated their DNA without completing cell division (for 
example, megakaryocytes), each human cell nucleus contains two copies of each 
chromosome, one inherited from the mother and one from the father. "e mater-
nal and paternal chromosomes of a pair are called homologous chromosomes 
(homologs). "e only nonhomologous chromosome pairs are the sex chromo-
somes in males, where a Y chromosome is inherited from the father and an X 
chromosome from the mother. "us, each human cell contains a total of 46 chro-
mosomes—22 pairs common to both males and females, plus two so-called sex 
chromosomes (X and Y in males, two Xs in females). "ese human chromosomes 
can be readily distinguished by “painting” each one a di#erent color using a tech-
nique based on DNA hybridization (Figure 4–10). In this method (described in 
detail in Chapter 8), a short strand of nucleic acid tagged with a $uorescent dye 
serves as a “probe” that picks out its complementary DNA sequence, lighting up 
the target chromosome at any site where it binds. Chromosome painting is most 
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Figure 4–9 A cross-sectional view of a typical cell nucleus. (A) Electron micrograph of a thin section through the nucleus of 
a human fibroblast. (B) Schematic drawing, showing that the nuclear envelope consists of two membranes, the outer one being 
continuous with the endoplasmic reticulum (ER) membrane (see also Figure 12–7). The space inside the endoplasmic reticulum 
(the ER lumen) is colored yellow; it is continuous with the space between the two nuclear membranes. The lipid bilayers of the 
inner and outer nuclear membranes are connected at each nuclear pore. A sheetlike network of intermediate filaments (brown) 
inside the nucleus forms the nuclear lamina (brown), providing mechanical support for the nuclear envelope (for details, see 
Chapter 12). The dark-staining heterochromatin contains specially condensed regions of DNA that will be discussed later. (A, 
courtesy of E.G. Jordan and J. McGovern.)
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Figure 4–9 A cross-sectional view of a typical cell nucleus. (A) Electron micrograph of a thin section through the nucleus of 
a human fibroblast. (B) Schematic drawing, showing that the nuclear envelope consists of two membranes, the outer one being 
continuous with the endoplasmic reticulum (ER) membrane (see also Figure 12–7). The space inside the endoplasmic reticulum 
(the ER lumen) is colored yellow; it is continuous with the space between the two nuclear membranes. The lipid bilayers of the 
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• Human DNA is about 2 meters long, yet it fits inside a 
nucleus just a few micrometers wide.


• To function properly, DNA must be compacted 
without tangling while still allowing regions to be 
accessed for gene expression and regulation.


• Chromosomes are not folded randomly in the 
nucleus


• Most regions of our chromosomes are arranged into a 
conformation = fractal globule - dense packing that 
maintains the ability to fold and unfold

212 Chapter 4:  DNA, Chromosomes, and Genomes

closely associated with the nuclear lamina, regardless of the chromosome exam-
ined. And DNA probes that preferentially stain gene-rich regions of human chro-
mosomes produce a striking picture of the interphase nucleus that presumably 
re!ects di"erent average positions for active and inactive genes (Figure 4–54).

How is most of the chromatin in each interphase chromosome condensed 
when its genes are not being expressed? A powerful extension of the chromosome 
conformation capture method described previously (see Figure 4–48), which 
exploits a high-throughput DNA sequencing technology called massive parallel 
sequencing (see Panel 8–1, pp. 478–481), allows the connections between all of 
the di"erent one-megabase (1 Mb) segments of the human genome to be mapped 
in human interphase chromosomes. $e results reveal that most regions of our 
chromosomes are folded into a conformation referred to as a fractal globule: a 
knot-free arrangement that facilitates maximally dense packing while, at the same 
time, preserving the ability of the chromatin %ber to unfold and fold (Figure 4–55).

Chromatin Can Move to Specific Sites Within the Nucleus to Alter 
Gene Expression
A variety of di"erent types of experiments has led to the conclusion that the 
position of a gene in the interior of the nucleus changes when it becomes highly 
expressed. $us, a region that becomes very actively transcribed is sometimes 
found to extend out of its chromosome territory, as if in an extended loop (Figure 
4–56). We will see in Chapter 6 that the initiation of transcription—the %rst step in 
gene expression—requires the assembly of over 100 proteins, and it makes sense 
that this would be facilitated in regions of the nucleus enriched in these proteins. 

More generally, it is clear that the nucleus is very heterogeneous, with func-
tionally di"erent regions to which portions of chromosomes can move as they are 
subjected to di"erent biochemical processes—such as when their gene expres-
sion changes. It is this issue that we discuss next.

5 µm

MBoC6 m4.64/4.53

chromosome territory

nucleus

~5 megabases
chromosome

CHROMOSOME FOLDING
IN NUCLEUS

cross section

MBoC6 n4.106/4.53.5

Figure 4–54 The distribution of gene-rich regions of the human genome 
in an interphase nucleus. Gene-rich regions have been visualized with a 
fluorescent probe that hybridizes to the Alu interspersed repeat, which is 
present in more than a million copies in the human genome (see page 292). 
For unknown reasons, these sequences cluster in chromosomal regions 
rich in genes. In this representation, regions enriched for the Alu sequence 
are green, regions depleted for these sequences are red, while the average 
regions are yellow. The gene-rich regions are seen to be largely absent in  
the DNA near the nuclear envelope. (From A. Bolzer et al., PLoS Biol.  
3:826–842, 2005.)

Figure 4–55 A fractal globule model for 
interphase chromatin. An extension of 
the 3C method in Figure 4–48, called Hi-C, 
was used to measure the extent to which 
each of the three thousand 1 Mb segments 
in the human genome was located adjacent 
to any other of these segments. The 
results support the type of model shown. 
In the enlarged fractal globule illustrated, 
a region of 5 million base pairs is seen to 
fold in a way that keeps regions that are 
neighbors along the one-dimensional DNA 
helix as neighbors in three dimensions; 
this gives rise to monochromatic blocks in 
this representation that are obvious both 
on the surface and in cross section. The 
fractal globule is a knot-free conformation 
of the DNA that permits dense packing, yet 
retains an ability to easily fold and unfold 
any genomic locus. (Adapted from  
E. Lieberman-Aiden et al., Science 
326:289–293, 2009. With permission  
from AAAS.)

The global structure of chromosomes
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• Mitotic chromosomes are especially highly condensed (visible by light microscopy) - 
gene expression is shut down


• Two DNA molecules produced during interphase = 2 sister chromatids held together at 
the centromere


• Final level of chromosome packaging

214 Chapter 4:  DNA, Chromosomes, and Genomes

only as needed, and they create a high local concentration of the many di!erent 
enzymes and RNA molecules needed for a particular process. In an analogous 
way, when DNA is damaged by irradiation, the set of enzymes needed to carry out 
DNA repair are observed to congregate in discrete foci inside the nucleus, creating 
“repair factories” (see Figure 5–52). And nuclei often contain hundreds of discrete 
foci representing factories for DNA or RNA synthesis (see Figure 6–47). 

It seems likely that all of these entities make use of the type of tethering illus-
trated in Figure 4–58B, where long "exible lengths of polypeptide chain and/or 
long noncoding RNA molecules are interspersed with speci#c binding sites that 
concentrate the multiple proteins and other molecules that are needed to catalyze 
a particular process. Not surprisingly, tethers are similarly used to help to speed 
biological processes in the cytoplasm, increasing speci#c reaction rates there (for 
example, see Figure 16–18).

Is there also an intranuclear framework, analogous to the cytoskeleton, on 
which chromosomes and other components of the nucleus are organized? $e 
nuclear matrix, or sca!old, has been de#ned as the insoluble material left in the 
nucleus after a series of biochemical extraction steps. Many of the proteins and 
RNA molecules that form this insoluble material are likely to be derived from the 
#brous subcompartments of the nucleus just discussed, while others may be pro-
teins that help to form the base of chromosomal loops or to attach chromosomes 
to other structures in the nucleus. 

Mitotic Chromosomes Are Especially Highly Condensed
Having discussed the dynamic structure of interphase chromosomes, we now 
turn to mitotic chromosomes. $e chromosomes from nearly all eukaryotic cells 
become readily visible by light microscopy during mitosis, when they coil up to 
form highly condensed structures. $is condensation reduces the length of a 
typical interphase chromosome only about tenfold, but it produces a dramatic 
change in chromosome appearance. 

Figure 4–59 depicts a typical mitotic chromosome at the metaphase stage 
of mitosis (for the stages of mitosis, see Figure 17–3). $e two DNA molecules 
produced by DNA replication during interphase of the cell-division cycle are 
separately folded to produce two sister chromosomes, or sister chromatids, held 
together at their centromeres, as mentioned earlier. $ese chromosomes are nor-
mally covered with a variety of molecules, including large amounts of RNA–protein 
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Figure 4–58 Effective compartmentalization 
without a bilayer membrane. (A) Schematic 
illustration of the organization of a spherical 
subnuclear organelle (left) and of a postulated 
similarly organized subcompartment just 
beneath the nuclear envelope (right). In 
both cases, RNAs and/or proteins (gray) 
associate to form highly porous, gel-like 
structures that contain binding sites for other 
specific proteins and RNA molecules (colored 
objects). (B) How the tethering of a selected 
set of proteins and RNA molecules to long 
flexible polymer chains, as in (A), can create 
“staging areas” that greatly speed the rates of 
reactions in subcompartments of the nucleus. 
The reactions catalyzed will depend on the 
particular macromolecules that are localized 
by the tethering. The same strategy for 
accelerating complex sets of reactions is also 
employed in subcompartments elsewhere in 
the cell (see also Figure 3–78).

chromosome

centromere

chromatid
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Figure 4–59 A typical mitotic 
chromosome at metaphase. Each sister 
chromatid contains one of two identical 
sister DNA molecules generated earlier in 
the cell cycle by DNA replication (see also 
Figure 17–21).
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complexes. Once this covering has been stripped away, each chromatid can be 
seen in electron micrographs to be organized into loops of chromatin emanating 
from a central sca!olding (Figure 4–60). Experiments using DNA hybridization 
to detect speci"c DNA sequences demonstrate that the order of visible features 
along a mitotic chromosome at least roughly re#ects the order of genes along the 
DNA molecule. Mitotic chromosome condensation can thus be thought of as the 
"nal level in the hierarchy of chromosome packaging (Figure 4–61).

$e compaction of chromosomes during mitosis is a highly organized and 
dynamic process that serves at least two important purposes. First, when conden-
sation is complete (in metaphase), sister chromatids have been disentangled from 
each other and lie side by side. $us, the sister chromatids can easily separate 
when the mitotic apparatus begins pulling them apart. Second, the compaction 
of chromosomes protects the relatively fragile DNA molecules from being broken 
as they are pulled to separate daughter cells.

$e condensation of interphase chromosomes into mitotic chromosomes 
begins in early M phase, and it is intimately connected with the progression of 
the cell cycle. During M phase, gene expression shuts down, and speci"c mod-
i"cations are made to histones that help to reorganize the chromatin as it com-
pacts. Two classes of ring-shaped proteins, called cohesins and condensins, aid 
this compaction. How they help to produce the two separately folded chromatids 
of a mitotic chromosome will be discussed in Chapter 17, along with the details 
of the cell cycle. 

THE GLOBAL STRUCTURE OF CHROMOSOMES
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Figure 4–60 A scanning electron micrograph of a region near one end 
of a typical mitotic chromosome. Each knoblike projection is believed to 
represent the tip of a separate looped domain. Note that the two identical 
paired chromatids (drawn in Figure 4–59) can be clearly distinguished.  
(From M.P. Marsden and U.K. Laemmli, Cell 17:849–858, 1979. With 
permission from Elsevier.)

Figure 4–61 Chromatin packing. This 
model shows some of the many levels 
of chromatin packing postulated to give 
rise to the highly condensed mitotic 
chromosome.
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The global structure of chromosomes
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• Each of our 46 interphase chromosomes tend to occupy its own discrete territory
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whereas the so-called Polycomb form of heterochromatin contains a similar 
number of proteins of a di!erent set (PcG proteins). In addition to the "ve major 
chromatin types, other more minor forms of chromatin appear to be present, each 
of which may be di!erently regulated and have distinct roles in the cell. 

#e set of proteins bound as part of the chromatin at a given locus varies 
depending on the cell type and its stage of development. #ese variations make 
the accessibility of speci"c genes di!erent in di!erent tissues, helping to generate 
the cell diversi"cation that accompanies embryonic development (described in 
Chapter 21). 

Chromatin Loops Decondense When the Genes Within Them Are 
Expressed
When an insect progresses from one developmental stage to another, distinc-
tive chromosome pu!s arise and old pu!s recede in its polytene chromosomes 
as new genes become expressed and old ones are turned o! (Figure 4–52). From 
inspection of each pu! when it is relatively small and the banding pattern is still 
discernible, it seems that most pu!s arise from the decondensation of a single 
chromosome band.

#e individual chromatin "bers that make up a pu! can be visualized with 
an electron microscope. In favorable cases, loops are seen, much like those 
observed in amphibian lampbrush chromosomes. When genes in the loop are 
not expressed, the loop assumes a thickened structure, possibly that of a folded 
30-nm "ber, but when gene expression is occurring, the loop becomes more 
extended. In electron micrographs, the chromatin located on either side of the 
decondensed loop appears considerably more compact, suggesting that a loop 
constitutes a distinct functional domain of chromatin structure.

Observations in human cells also suggest that highly folded loops of chromatin 
expand to occupy an increased volume when a gene within them is expressed. For 
example, quiescent chromosome regions from 0.4 to 2 million nucleotide pairs in 
length appear as compact dots in an interphase nucleus when visualized by $uo-
rescence microscopy. However, the same DNA is seen to occupy a larger territory 
when its genes are expressed, with elongated, punctate structures replacing the 
original dot.

New ways of visualizing individual chromosomes have shown that each of the 
46 interphase chromosomes in a human cell tends to occupy its own discrete ter-
ritory within the nucleus: that is, the chromosomes are not extensively entangled 
with one another (Figure 4–53). However, pictures such as these present only 
an average view of the DNA in each chromosome. Experiments that speci"cally 
localize the heterochromatic regions of a chromosome reveal that they are often 

THE GLOBAL STRUCTURE OF CHROMOSOMES
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Figure 4–52 RNA synthesis in polytene chromosome puffs.  
An autoradiograph of a single puff in a polytene chromosome from the 
salivary glands of the freshwater midge Chironomus tentans. As outlined 
in Chapter 1 and described in detail in Chapter 6, the first step in gene 
expression is the synthesis of an RNA molecule using the DNA as a template. 
The decondensed portion of the chromosome is undergoing RNA synthesis 
and has become labeled with 3H-uridine, an RNA precursor molecule that is 
incorporated into growing RNA chains. (Courtesy of José Bonner.)

10 µm

MBoC6 m4.63/4.52

3

8
12

7

2

4

14

9
10

13

11
19
21

9

15
22

1

3
8

6
X13

14
12

7
17

18
15

21
205

17

6

4

Figure 4–53 Simultaneous visualization of the chromosome territories 
for all of the human chromosomes in a single interphase nucleus. Here, 
a mixture of DNA probes for each chromosome has been labeled so as to 
fluoresce with a different spectra; this allows DNA–DNA hybridization to be 
used to detect each chromosome, as in Figure 4–10. Three-dimensional 
reconstructions were then produced. Below the micrograph, each 
chromosome is identified in a schematic of the actual image. Note that 
homologous chromosomes (e.g., the two copies of chromosome 9) are not 
in general co-located. (From M.R. Speicher and N.P. Carter, Nat. Rev. Genet. 
6:782–792, 2005. With permission from Macmillan Publishers Ltd.)

Chromosomes occupy specific territories
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the accessibility of speci"c genes di!erent in di!erent tissues, helping to generate 
the cell diversi"cation that accompanies embryonic development (described in 
Chapter 21). 

Chromatin Loops Decondense When the Genes Within Them Are 
Expressed
When an insect progresses from one developmental stage to another, distinc-
tive chromosome pu!s arise and old pu!s recede in its polytene chromosomes 
as new genes become expressed and old ones are turned o! (Figure 4–52). From 
inspection of each pu! when it is relatively small and the banding pattern is still 
discernible, it seems that most pu!s arise from the decondensation of a single 
chromosome band.

#e individual chromatin "bers that make up a pu! can be visualized with 
an electron microscope. In favorable cases, loops are seen, much like those 
observed in amphibian lampbrush chromosomes. When genes in the loop are 
not expressed, the loop assumes a thickened structure, possibly that of a folded 
30-nm "ber, but when gene expression is occurring, the loop becomes more 
extended. In electron micrographs, the chromatin located on either side of the 
decondensed loop appears considerably more compact, suggesting that a loop 
constitutes a distinct functional domain of chromatin structure.

Observations in human cells also suggest that highly folded loops of chromatin 
expand to occupy an increased volume when a gene within them is expressed. For 
example, quiescent chromosome regions from 0.4 to 2 million nucleotide pairs in 
length appear as compact dots in an interphase nucleus when visualized by $uo-
rescence microscopy. However, the same DNA is seen to occupy a larger territory 
when its genes are expressed, with elongated, punctate structures replacing the 
original dot.

New ways of visualizing individual chromosomes have shown that each of the 
46 interphase chromosomes in a human cell tends to occupy its own discrete ter-
ritory within the nucleus: that is, the chromosomes are not extensively entangled 
with one another (Figure 4–53). However, pictures such as these present only 
an average view of the DNA in each chromosome. Experiments that speci"cally 
localize the heterochromatic regions of a chromosome reveal that they are often 

THE GLOBAL STRUCTURE OF CHROMOSOMES

RNA synthesis

10 µm

MBoC6 m4.62/4.51

Figure 4–52 RNA synthesis in polytene chromosome puffs.  
An autoradiograph of a single puff in a polytene chromosome from the 
salivary glands of the freshwater midge Chironomus tentans. As outlined 
in Chapter 1 and described in detail in Chapter 6, the first step in gene 
expression is the synthesis of an RNA molecule using the DNA as a template. 
The decondensed portion of the chromosome is undergoing RNA synthesis 
and has become labeled with 3H-uridine, an RNA precursor molecule that is 
incorporated into growing RNA chains. (Courtesy of José Bonner.)
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Figure 4–53 Simultaneous visualization of the chromosome territories 
for all of the human chromosomes in a single interphase nucleus. Here, 
a mixture of DNA probes for each chromosome has been labeled so as to 
fluoresce with a different spectra; this allows DNA–DNA hybridization to be 
used to detect each chromosome, as in Figure 4–10. Three-dimensional 
reconstructions were then produced. Below the micrograph, each 
chromosome is identified in a schematic of the actual image. Note that 
homologous chromosomes (e.g., the two copies of chromosome 9) are not 
in general co-located. (From M.R. Speicher and N.P. Carter, Nat. Rev. Genet. 
6:782–792, 2005. With permission from Macmillan Publishers Ltd.)
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• Heterochromatic regions are associated with nuclear lamina (red), whereas gene-rich regions are more central
212 Chapter 4:  DNA, Chromosomes, and Genomes

closely associated with the nuclear lamina, regardless of the chromosome exam-
ined. And DNA probes that preferentially stain gene-rich regions of human chro-
mosomes produce a striking picture of the interphase nucleus that presumably 
re!ects di"erent average positions for active and inactive genes (Figure 4–54).

How is most of the chromatin in each interphase chromosome condensed 
when its genes are not being expressed? A powerful extension of the chromosome 
conformation capture method described previously (see Figure 4–48), which 
exploits a high-throughput DNA sequencing technology called massive parallel 
sequencing (see Panel 8–1, pp. 478–481), allows the connections between all of 
the di"erent one-megabase (1 Mb) segments of the human genome to be mapped 
in human interphase chromosomes. $e results reveal that most regions of our 
chromosomes are folded into a conformation referred to as a fractal globule: a 
knot-free arrangement that facilitates maximally dense packing while, at the same 
time, preserving the ability of the chromatin %ber to unfold and fold (Figure 4–55).

Chromatin Can Move to Specific Sites Within the Nucleus to Alter 
Gene Expression
A variety of di"erent types of experiments has led to the conclusion that the 
position of a gene in the interior of the nucleus changes when it becomes highly 
expressed. $us, a region that becomes very actively transcribed is sometimes 
found to extend out of its chromosome territory, as if in an extended loop (Figure 
4–56). We will see in Chapter 6 that the initiation of transcription—the %rst step in 
gene expression—requires the assembly of over 100 proteins, and it makes sense 
that this would be facilitated in regions of the nucleus enriched in these proteins. 

More generally, it is clear that the nucleus is very heterogeneous, with func-
tionally di"erent regions to which portions of chromosomes can move as they are 
subjected to di"erent biochemical processes—such as when their gene expres-
sion changes. It is this issue that we discuss next.

5 µm

MBoC6 m4.64/4.53

chromosome territory

nucleus

~5 megabases
chromosome

CHROMOSOME FOLDING
IN NUCLEUS

cross section

MBoC6 n4.106/4.53.5

Figure 4–54 The distribution of gene-rich regions of the human genome 
in an interphase nucleus. Gene-rich regions have been visualized with a 
fluorescent probe that hybridizes to the Alu interspersed repeat, which is 
present in more than a million copies in the human genome (see page 292). 
For unknown reasons, these sequences cluster in chromosomal regions 
rich in genes. In this representation, regions enriched for the Alu sequence 
are green, regions depleted for these sequences are red, while the average 
regions are yellow. The gene-rich regions are seen to be largely absent in  
the DNA near the nuclear envelope. (From A. Bolzer et al., PLoS Biol.  
3:826–842, 2005.)

Figure 4–55 A fractal globule model for 
interphase chromatin. An extension of 
the 3C method in Figure 4–48, called Hi-C, 
was used to measure the extent to which 
each of the three thousand 1 Mb segments 
in the human genome was located adjacent 
to any other of these segments. The 
results support the type of model shown. 
In the enlarged fractal globule illustrated, 
a region of 5 million base pairs is seen to 
fold in a way that keeps regions that are 
neighbors along the one-dimensional DNA 
helix as neighbors in three dimensions; 
this gives rise to monochromatic blocks in 
this representation that are obvious both 
on the surface and in cross section. The 
fractal globule is a knot-free conformation 
of the DNA that permits dense packing, yet 
retains an ability to easily fold and unfold 
any genomic locus. (Adapted from  
E. Lieberman-Aiden et al., Science 
326:289–293, 2009. With permission  
from AAAS.)

Chromatin is organised within the nucleus
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Chromatin position can change with gene 
expression
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Networks of Macromolecules Form a Set of Distinct Biochemical 
Environments inside the Nucleus
In Chapter 6, we shall describe the function of a variety of subcompartments that 
are present within the nucleus. !e largest and most obvious of these is the nucle-
olus, a structure well known to microscopists even in the nineteenth century (see 
Figure 4–9). !e nucleolus is the cell’s site of ribosome subunit formation, as well 
as the place where many other specialized reactions occur (see Figure 6–42): it 
consists of a network of RNAs and proteins concentrated around ribosomal RNA 
genes that are being actively transcribed. In eukaryotes, the genome contains 
multiple copies of the ribosomal RNA genes, and although they are typically clus-
tered together in a single nucleolus, they are often located on several separate 
chromosomes.

A variety of less obvious organelles are also present inside the nucleus. For 
example, spherical structures called Cajal bodies and interchromatin granule 
clusters are present in most plant and animal cells (Figure 4–57). Like the nucle-
olus, these organelles are composed of selected protein and RNA molecules that 
bind together to create networks that are highly permeable to other protein and 
RNA molecules in the surrounding nucleoplasm. 

Structures such as these can create distinct biochemical environments by 
immobilizing select groups of macromolecules, as can other networks of proteins 
and RNA molecules associated with nuclear pores and with the nuclear envelope. 
In principle, this allows other molecules that enter these spaces to be processed 
with great e"ciency through complex reaction pathways. Highly permeable, 
#brous networks of this sort can thereby impart many of the kinetic advantages of 
compartmentalization (see p. 164) to reactions that take place in subregions of the 
nucleus (Figure 4–58A). However, unlike the membrane-bound compartments in 
the cytoplasm (discussed in Chapter 12), these nuclear subcompartments—lack-
ing a lipid bilayer membrane—can neither concentrate nor exclude speci#c small 
molecules.

!e cell has a remarkable ability to construct distinct environments to per-
form complex biochemical tasks e"ciently. !ose that we have mentioned in the 
nucleus facilitate various aspects of gene expression, and will be further discussed 
in Chapter 6. !ese subcompartments, including the nucleolus, appear to form 

THE GLOBAL STRUCTURE OF CHROMOSOMES

Figure 4–56 An effect of high levels of 
gene expression on the intranuclear 
location of chromatin. (A) Fluorescence 
micrographs of human nuclei showing 
how the position of a gene changes when 
it becomes highly transcribed. The region 
of the chromosome adjacent to the gene 
(red) is seen to leave its chromosomal 
territory (green) only when it is highly 
active. (B) Schematic representation of 
a large loop of chromatin that expands 
when the gene is on, and contracts when 
the gene is off. Other genes that are less 
actively expressed can be shown by the 
same methods to remain inside their 
chromosomal territory when transcribed. 
(From J.R. Chubb and W.A. Bickmore, Cell 
112:403–406, 2003. With permission from 
Elsevier.)
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nuclear envelope

5 µm

homologous chromosomes
detected by hybridization
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Figure 4–57 Electron micrograph 
showing two very common fibrous 
nuclear subcompartments. The large 
sphere here is a Cajal body. The smaller 
darker sphere is an interchromatin granule 
cluster, also known as a speckle (see 
also Figure 6–46). These “subnuclear 
organelles” are from the nucleus of a 
Xenopus oocyte. (From K.E. Handwerger 
and J.G. Gall, Trends Cell Biol. 16:19–26, 
2006. With permission from Elsevier.)
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How to identify all the DNA regions for which histones have a given modification?
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Chromatin Immune-precipitation (ChiP)

16

• Allows to determine histone modifications and their location 
in the genome


• Crosslink histones and DNA


• Fragment chromatin in small pieces


• Select a marker and use the corresponding antibody


• Immunoprecipitation (IP) to isolate the fragment of interest


• Purify the DNA (remove proteins)


• Sequence the DNA



Chromatin Immune-precipitation (ChiP)
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• Results

DNA region



How to detect specific sequences of DNA in situ?
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Chromosome painting using FISH

Probe

https://en.wikipedia.org/wiki/Fluorescence_in_situ_hybridization

• Detect specific regions of DNA in the 
nucleus


• Cell fixation


• Hybridization of specific probes labeled 
with specific fluorescent markers


• Analysis of the cells
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Chromosome painting using FISH

• Probe = Single strand synthetic DNA oligonucleotide


• Sequence is complementary to the DNA sequence of interest


• Length is variable


• Coupled to fluorescent marker


• There are chromosome-specific probe libraries
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Chromosome painting using FISH
Chromosome positioning 

(interphase)

Cytogenic analysis

(metaphase)



How to detect problems/changes in chromosomes?
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Cytogenic analysis

• Allows to look for changes in chromosomes including broken, missing, re-arranged or extra chromosomes


• Fix/Crosslink the cells


• Hypotonic solution to spread the metaphase


• Hybridization of specific probes labeled with specific fluorescent markers


• Analysis of the cells in metaphase
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• Results

Spread chromosome in the metaphase Paired chromosome to identify cytogenetic alterations

Cytogenic analysis
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Chromosome alterations
• Affect multiple genes, large DNA fragments


• Deletion = loss of chromosomal regions 
(heterozygous or homozygous)


• Duplications = one or more additional copies of 
a chromosomal region


• Translocation = chromosomal rearrangement 
(balanced vs. unbalanced)

Liu, X., Kamatani, Y. & Terao, C. Genetics of autosomal mosaic chromosomal alteration (mCA). J Hum Genet 66, 879–885 (2021). https://doi.org/10.1038/s10038-021-00964-4
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Genome sequencing
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Genome sequencing and comparison

• Complete sequencing of the genomes of thousands of organisms


• Life’s chemistry is shared across all organisms

28 https://en.wikipedia.org/wiki/Genome_size

• Green = Archea


• Red = Eukaryotes


• Blue = Bacteria


• Bars represent genome sizes



Genome comparison

29 https://en.wikipedia.org/wiki/Genome_size

= base pairs



Genome comparison

30 https://book.bionumbers.org/how-many-genes-are-in-a-genome/



Human Genome Project

31

• started in 1990 and finished in 2003



• Sequence of the human genome: 3.1 
billion nucleotide pairs


• 90% of it is probably unimportant


• The part of genomes that code for 
proteins (exons) are lost in a sea of DNA


• Not important to know the numbers

32

Eukaryotic genes include alternate coding and non-coding sequences

Coding sequences are exons


Non-coding sequences are introns

Human Genome Project
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!e "rst striking feature of the human genome is how little of it (only a few 
percent) codes for proteins (Table 4–1 and Figure 4–16). It is also notable that 
nearly half of the chromosomal DNA is made up of mobile pieces of DNA that 
have gradually inserted themselves in the chromosomes over evolutionary time, 
multiplying like parasites in the genome (see Figure 4–62). We discuss these trans-
posable elements in detail in later chapters.

A second notable feature of the human genome is the large average gene 
size—about 27,000 nucleotide pairs. As discussed above, a typical gene carries in 
its linear sequence of nucleotides the information for the linear sequence of the 
amino acids of a protein. Only about 1300 nucleotide pairs are required to encode 
a protein of average size (about 430 amino acids in humans). Most of the remain-
ing sequence in a gene consists of long stretches of noncoding DNA that interrupt 
the relatively short segments of DNA that code for protein. As will be discussed in 
detail in Chapter 6, the coding sequences are called exons; the intervening (non-
coding) sequences in genes are called introns (see Figure 4–15 and Table 4–1). 
!e majority of human genes thus consist of a long string of alternating exons and 
introns, with most of the gene consisting of introns. In contrast, the majority of 
genes from organisms with concise genomes lack introns. !is accounts for the 
much smaller size of their genes (about one-twentieth that of human genes), as 
well as for the much higher fraction of coding DNA in their chromosomes. 

TABLE 4–1 Some Vital Statistics for the Human Genome

Human genome

DNA length 3.2 × 109 nucleotide pairs*

Number of genes coding for proteins Approximately 21,000

Largest gene coding for protein 2.4 × 106 nucleotide pairs

Mean size for protein-coding genes 27,000 nucleotide pairs

Smallest number of exons per gene 1

Largest number of exons per gene 178

Mean number of exons per gene 10.4

Largest exon size 17,106 nucleotide pairs

Mean exon size 145 nucleotide pairs

Number of noncoding RNA genes Approximately 9000**

Number of pseudogenes*** More than 20,000

Percentage of DNA sequence in exons (protein-coding 
sequences)

1.5%

Percentage of DNA in other highly conserved 
sequences****

3.5%

Percentage of DNA in high-copy-number repetitive 
elements

Approximately 50%

* The sequence of 2.85 billion nucleotides is known precisely (error rate of only about 1 in 
100,000 nucleotides). The remaining DNA primarily consists of short sequences that are 
tandemly repeated many times over, with repeat numbers differing from one individual to the 
next. These highly repetitive blocks are hard to sequence accurately.
** This number is only a very rough estimate.
*** A pseudogene is a DNA sequence closely resembling that of a functional gene, but 
containing numerous mutations that prevent its proper expression or function. Most 
pseudogenes arise from the duplication of a functional gene followed by the accumulation of 
damaging mutations in one copy.
**** These conserved functional regions include DNA encoding 5ʹ and 3ʹ UTRs (untranslated 
regions of mRNA), DNA specifying structural and functional RNAs, and DNA with conserved 
protein-binding sites.

(A)

(B)

MBoC6 m4.16/4.16

Figure 4–16 Scale of the human genome. 
If drawn with a 1 mm space between each 
nucleotide pair, as in (A), the human genome 
would extend 3200 km (approximately 
2000 miles), far enough to stretch across 
the center of Africa, the site of our human 
origins (red line in B). At this scale, there 
would be, on average, a protein-coding 
gene every 150 m. An average gene would 
extend for 30 m, but the coding sequences 
in this gene would add up to only just over 
a meter.

Human Genome Project



• By comparing genomes: Gene comparisons reveal functional DNA sequences by their conservation through 
evolution 


• These include functionally important exons, RNA molecules and regulatory DNA sequences (and DNA 
sequences with function unknown so far)


• Non-conserved DNA regions are less likely to have a critical function


• These comparative DNA sequencing analyses have shown that 4.5% of the human genome consists of 
multispecies conserved sequences (with only 1/4 encoding proteins)

34

How do we know all of this?

Homologous genes are genetic sequences inherited from a common ancestor. They are similar in sequence 
and can perform similar functions. They can be in a single organism or different ones. 
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blocks from many di!erent species, thereby identifying large numbers of so-called 
multispecies conserved sequences: some of these code for protein, but most of 
them do not (Figure 4–73). 

Most of the noncoding conserved sequences discovered in this way turn out 
to be relatively short, containing between 50 and 200 nucleotide pairs. Among the 
most mysterious are the so-called “ultraconserved” noncoding sequences, exem-
pli"ed by more than 5000 DNA segments over 100 nucleotides long that are exactly 
the same in human, mouse, and rat. Most have undergone little or no change 
since mammalian and bird ancestors diverged about 300 million years ago. #e 
strict conservation implies that even though the sequences do not encode pro-
teins, each nevertheless has an important function maintained by purifying selec-
tion. #e puzzle is to unravel what those functions are. 

Many of the conserved sequences that do not code for protein are now known 
to produce untranslated RNA molecules, such as the thousands of long noncoding 
RNAs (lncRNAs) that are thought to have important functions in regulating gene 
transcription. As we shall also see in Chapter 7, others are short regions of DNA 
scattered throughout the genome that directly bind proteins involved in gene reg-
ulation. But it is uncertain how much of the conserved noncoding DNA can be 
accounted for in these ways, and the function of most of it remains a mystery. #is 
enigma highlights how much more we need to learn about the fundamental bio-
logical mechanisms that operate in animals and other complex organisms, and its 
solution is certain to have profound consequences for medicine. 

How can cell biologists tackle the mystery of noncoding conserved DNA? Tra-
ditionally, attempts to determine the function of a puzzling DNA sequence begin 
by looking at the consequences of its experimental disruption. But many DNA 
sequences that are crucial for an organism in the wild can be expected to have no 
noticeable e!ect on its phenotype under laboratory conditions: what is required 
for a mouse to survive in a laboratory cage is very much less than what is required 

HOW GENOMES EVOLVE
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Figure 4–73 The detection of 
multispecies conserved sequences. 
In this example, genome sequences 
for each of the organisms shown have 
been compared with the indicated region 
of the human CFTR (cystic fibrosis 
transmembrane conductance regulator) 
gene; this region contains one exon plus 
a large amount of intronic DNA. For each 
organism, the percent identity with human 
for each 25-nucleotide block is plotted 
in green. In addition, a computational 
algorithm has been used to detect the 
sequences within this region that are most 
highly conserved when the sequences from 
all of the organisms are taken into account. 
Besides the exon (dark blue on the line at 
the top of the figure), the positions of three 
other blocks of multispecies conserved 
sequences are indicated (pale blue). The 
function of most such sequences in the 
human genome is not known. (Courtesy of 
Eric D. Green.)

How do we know all of this?



• Evolution depends on accident and mistakes followed by non-random survival


• Failures in the mechanisms by which genomes are copied or repaired


• When errors (mutations) happen in germ cells, they are passed on to the next generation


• Errors are “rare” events: ~ 1 in 108 per generation (implying that each gamete has in average 30 mutations)

36

How do genomes actually evolve?
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How do genomes actually evolve?
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How do genomes actually evolve?

What are the different types of mutations?


• Simple, local changes - point mutations


• Large-scale genome rearrangements - deletions, duplications, inversion, translocations


• In addition, important role of mobile genetic elements



• = substitution of one nucleotide at a given position in the genome


• In some definitions, we call SNP a mutation that is present in a fraction of the population (e.g. >1%)

39

Single nucleotide polymorphism (SNP)

https://en.wikipedia.org/wiki/Single-nucleotide_polymorphism#/media/File:Dna-SNP.svg

in 90% of the population

in 10% of the population

• The two possible variations of this SNP (G or A) are called alleles


• When occuring in genes, SNPs can be synonymous (no change in AA) or non-synonymous (AA is changed)
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Single nucleotide polymorphism (SNP)
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Single nucleotide polymorphism (SNP)
1. SNPs (Single Nucleotide Polymorphisms)


• Definition: A SNP is a single base-pair variation in the DNA sequence among individuals. 

Example: At a specific location, one person might have A, another G.


• Frequency: For it to be considered a SNP, the variant must occur in at least 1% of the population.


• Abundance: SNPs are the most common type of genetic variation — millions are scattered across the human 

genome.


• Relevance:


◦ Many SNPs are neutral (no effect).


◦ Some are associated with disease risk, drug response, or physical traits.


◦ They can act as markers to track genetic regions linked to traits.
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Single nucleotide polymorphism (SNP)
2. GWAS (Genome-Wide Association Studies)


• Definition: A GWAS is a large-scale study that scans the genome for SNPs statistically associated with a trait 
(e.g., height, diabetes, schizophrenia).

• Method:

1. Collect DNA from thousands of people (cases vs. controls, or continuous trait values).

2. Genotype them at hundreds of thousands to millions of SNPs.

3. Use statistical tests to find SNPs that occur more frequently in people with the trait.


• Output: A list of SNPs (or genomic regions) associated with the trait.


3. Importance of SNPs in GWAS


• SNPs serve as markers, not necessarily causal variants themselves.
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Single nucleotide polymorphism (SNP)
• SNPs sometimes help to explain the susceptibility to a wide-range of diseases across the population


• Genome wide association studies (GWAS) are hypothesis-free methods for identifying associations between 
genetic regions (loci) and traits (including diseases).


• Typical GWAS studies collect data to find out the common variants in a number of individuals, both with and 
without a common trait (e.g. a disease), across the genome, using genome wide SNP arrays 

https://www.ebi.ac.uk/training/
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How do genomes actually evolve?

What are the different types of mutations?


• Simple, local changes - point mutations


• Large-scale genome rearrangements - deletions, duplications, inversion, translocations


• In addition, important role of mobile genetic elements
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Chromosome alterations
• Affect multiple genes, large DNA fragments


• Deletion = loss of chromosomal regions 
(heterozygous or homozygous)


• Duplications = one or more additional copies of 
a chromosomal region


• Translocation = chromosomal rearrangement

Liu, X., Kamatani, Y. & Terao, C. Genetics of autosomal mosaic chromosomal alteration (mCA). J Hum Genet 66, 879–885 (2021). https://doi.org/10.1038/s10038-021-00964-4
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How do genomes actually evolve?

What are the different types of mutations?


• Simple, local changes - point mutations


• Large-scale genome rearrangements - deletions, duplications, inversion, translocations


• In addition, important role of mobile genetic elements



Have a nice day! 
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