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Introduction

Figure 4–1 Chromosomes in cells. (A) Two adjacent plant cells photographed through a light microscope. The 
DNA has been stained with a fluorescent dye (DAPI) that binds to it. The DNA is present in chromosomes, 
which become visible as distinct structures in the light microscope only when they become compact, sausage-
shaped structures in preparation for cell division, as shown on the left. The cell on the right, which is not 
dividing, contains identical chromosomes, but they cannot be clearly distinguished at this phase in the cell’s 
life cycle, because they are in a more extended conformation.

Introduction

(B) Schematic diagram of the outlines of the two cells along with their chromosomes. (A, courtesy of Peter 
Shaw.) 



Introduction Introduction

Figure 4–2 The first experimental demonstration that DNA is the genetic material. These experiments, 
carried out in the 1920s (A) and 1940s (B), showed that adding purified DNA to a bacterium changed the 
bacterium’s properties and that this change was faithfully passed on to subsequent generations. Two closely 
related strains of the bacterium Streptococcus pneumoniae differ from each other in both their appearance 
under the microscope and their pathogenicity. One strain appears smooth (S) and causes death when 
injected into mice, and the other appears rough (R) and is nonlethal. (A) An initial experiment shows that 
some substance present in the S strain can change (or transform) the R strain into the S strain and that this 
change is inherited by subsequent generations of bacteria. (B) This experiment, in which the R strain has 
been incubated with various classes of biological molecules purified from the S strain, identifies the active 
substance as DNA. 

Introduction THE STRUCTURE AND  
FUNCTION OF DNA

• A DNA Molecule Consists of Two Complementary 
Chains of Nucleotides



A DNA Molecule Consists of Two Complementary Chains of 
Nucleotides

Figure 4–3 DNA and its building blocks. DNA is made of four types of nucleotides, which are linked 
covalently into a polynucleotide chain (a DNA strand) with a sugar-phosphate backbone from which the 
bases (A, C, G, and T) extend. A DNA molecule is composed of two antiparallel DNA strands held together 
by hydrogen bonds between the paired bases. The arrowheads at the ends of the DNA strands indicate the 
polarities of the two strands. In the diagram at the bottom left of the figure, the DNA molecule is shown 
straightened out; in reality, it is twisted into a double helix, as shown on the right. For details, see Figure 4–
5 and Movie 4.1. 

A DNA Molecule Consists of Two Complementary Chains of 
Nucleotides

04.1_DNA_Structure

A DNA Molecule Consists of Two Complementary Chains of 
Nucleotides

Figure 4–4 Complementary base pairs in 
the DNA double helix. The shapes and 
chemical structures of the bases allow 
hydrogen bonds to form efficiently only 
between A and T and between G and C, 
because atoms that are able to form 
hydrogen bonds (see Panel 2–3, pp. 94–
95) can then be brought close together 
without distorting the double helix. As 
indicated, two hydrogen bonds form 
between A and T, while three form 
between G and C. The bases can pair in 
this way only if the two polynucleotide 
chains that contain them are antiparallel 
to each other. 



A DNA Molecule Consists of Two Complementary Chains of 
Nucleotides

Figure 4–5 The DNA double helix. (A) A 
space-filling model of 1.5 turns of the 
DNA double helix. Each turn of DNA is 
made up of 10.4 nucleotide pairs, and the 
center-to-center distance between adjacent 
nucleotide pairs is 0.34 nm. The coiling of 
the two strands around each other creates 
two grooves in the double helix: the wider 
groove is called the major groove, and the 
smaller the minor groove, as indicated.

• DNA strand (or DNA chain)

• The base:  A (adenine),  C (cytosine),  G (guanine),  T (thymine).

• Hydrogen bonds (AT and GC).
• The way in which the nucleotide subunits are linked together gives a DNA 

strand a chemical polarity.

     - In the same orientation.

     - Easily distinguishable.

     - 3’ end, 5’ end (3‘ hydroxyl and 5’ phosphate)

A DNA molecule

A DNA Molecule Consists of Two Complementary Chains of 
Nucleotides

(B) A short section of the double helix viewed from its side, showing four base pairs. The nucleotides are 
linked together covalently by phosphodiester bonds that join the 3ʹ-hydroxyl (–OH) group of one sugar to the 
5ʹ-hydroxyl group of the next sugar. Thus, each polynucleotide strand has a chemical polarity; that is, its two 
ends are chemically different. The 5ʹ end of the DNA polymer is by convention often illustrated carrying a 
phosphate group, while the 3ʹ end is shown with a hydroxyl. 

1. Complementary base-pairing
• Hydrogen bonds to form AT and GC (purine + pyrimidine).
• Each base pair is of similar width, an equal distance apart along the DNA.

• Important for both copying and repairing the DNA.
• Antiparallel (oriented in opposite polarities)

DNA double helix



Tm = 4(G+C) + 2(A+T) 

GC 함량이 많아지면 Tm 값이 높아짐 (Primer는 보통 Tm = 50-60 정도. 
Tm 값이 높아지면 낮은 온도에서도 annealing이 쉽게 됨. 

Primer Melting Temperature:  

Primer Melting Temperature (Tm) by definition is the temperature at which one half of 
the DNA duplex will dissociate to become single stranded and indicates the duplex 
stability. Primers with melting temperatures in the range of 52-58 oC generally 
produce the best results.

2. Held together by base pairing
• The nucleotides are linked together covalently by phosphodiester bonds
• The 3’ end carries – OH group; the 5’ end carries a free phosphate group

THE STRUCTURE AND  
FUNCTION OF DNA

• The Structure of DNA Provides a Mechanism for 
Heredity

The Structure of DNA Provides a Mechanism for Heredity

Figure 4–6 DNA as a template for its own duplication. Because the nucleotide A successfully pairs only with 
T, and G pairs with C, each strand of DNA can act as a template to specify the sequence of nucleotides in its 
complementary strand. n this way, double-helical DNA can be copied precisely, with each parental DNA helix 
producing two identical daughter DNA helices. 



The Structure of DNA Provides a Mechanism for Heredity

Figure 4–7 The relationship between genetic information carried in DNA and proteins. 
(Discussed in Chapter 1.) 

The Structure of DNA Provides a Mechanism for Heredity

1.	Visit	Human	Genome	Resources	at	NCBI	(https://
www.ncbi.nlm.nih.gov/genome/guide/human/)	
2.	Search	‘beta-globin’.	
3.	Click	‘HBB’	
4.	Get	sequence	from	FASTA.	Copy	and	paste	as	text.	
5.	Go	to	Graphics	and	check	Green	bars,	which	shows	exons.	

Figure 4–7 The nucleotide sequence of the human ︎-globin gene. By convention, a 
nucleotide sequence is written from its 5ʹ end to its 3ʹ end, and it should be read 
from left to right in successive lines down the page as though it were normal 
English text. This gene carries the information for the amino acid sequence of one 
of the two types of subunits of the hemoglobin molecule; a different gene, the α-
globin gene, carries the information for the other. (Hemoglobin, the protein that 
carries oxygen in the blood, has four subunits, two of each type.) Only one of the 
two strands of the DNA double helix containing the β-globin gene is shown; the 
other strand has the exact complementary sequence. The DNA sequences 
highlighted in yellow show the three regions of the gene that specify the amino 
acid sequence for the β-globin protein. We shall see in Chapter 6 how the cell 
splices these three sequences together at the level of messenger RNA in order to 
synthesize a full-length β-globin protein.

Genetic Code
‘The exact correspondence between the 4-letter nucleotide of DNA and 
the 20-letter amino acid’

Genome
‘The complete set of information in an organism’s DNA’

Gal10 gene (2,100 bp)
 - Promoter
 - ORF (open reading frame)
 - 3’-UTR

TGA: 
Stop codon



The Structure of DNA Provides a Mechanism for Heredity The Structure of DNA Provides a Mechanism for Heredity

https://www.ncbi.nlm.nih.gov/nuccore/NC_000011.10?report=graph&from=5225464&to=5227071&strand=true
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• In Eukaryotes, DNA Is Enclosed in a Cell Nucleus

In Eukaryotes, DNA Is Enclosed in a Cell Nucleus

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.



In Eukaryotes, DNA Is Enclosed in a Cell Nucleus In Eukaryotes, DNA Is Enclosed in a Cell Nucleus

(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.) 

• Nuclear envelop: formed by two concentric membranes; 
punctuated at intervals by nuclear pores.

• Nuclear pores: actively transport selected molecules to and from the 
cytosol.

• Nuclear lamina: a network of protein filaments that forms a 
thin layer underlying and the inner membrane.

• Nucleolus 
• The most obvious example of chromosome organization in the 

interphase nucleus.
• Parts of the different chromosomes carrying genes for ribosomal RNA 

cluster together.
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Summary

Genetic information is carried in the linear sequence of nucleotides 
in DNA. Each molecule of DNA is a double helix formed from two 
complementary antiparallel strands of nucleotides held together by 
hydrogen bonds between G-C and A-T base pairs. Duplication of 
the genetic information occurs by the use of one DNA strand as a 
template for the formation of a complementary strand. The genetic 
information stored in an organism’s DNA contains the instructions 
for all the RNA molecules and proteins that the organism will ever 
synthesize and is said to comprise its genome. In eukaryotes, DNA 
is contained in the cell nucleus, a large membrane-bound com- 
partment. 

CHROMOSOMAL DNA AND ITS PACKAGING IN THE 
CHROMATIN FIBER

• Eukaryotic DNA Is Packaged into a Set of 
Chromosomes Chromosomes Contain Long Strings 
of Genes

• Chromosomes: The human genome contains about 3.2 x 109 (3.2 
billion) nucleotides distributed over 24 chromosomes.

• Chromatin: Each chromatin consists of a single, enormously long 
linear DNA molecules associated with proteins that fold and pack the fine 

thread of DNA into a more compact structure. Also associated with proteins in 
gene expression, DNA replication, and DNA repair.

• Homologous chromosomes (상동염색체, 22쌍) Two 
copies of each chromosome, one inherited from the mother and one from 
the father.

• Sex chromosomes (성염색체, 1쌍): X and Y chromosome.

Eucaryotic DNA is packed into 
multiple chromosomes

Eukaryotic DNA Is Packaged into a Set of Chromosomes 
Chromosomes Contain Long Strings of Genes



Eukaryotic DNA Is Packaged into a Set of Chromosomes 
Chromosomes Contain Long Strings of Genes

Figure 4–10 The complete set of human chromosomes. These chromosomes, from a female, were isolated 
from a cell undergoing nuclear division (mitosis) and are therefore highly compacted. Each chromosome has 
been “painted” a different color to permit its unambiguous identification under the fluorescence microscope, 
using a technique called “spectral karyotyping.” Chromosome painting can be performed by exposing the 
chromosomes to a large collection of DNA molecules whose sequence matches known DNA sequences from 
the human genome. The set of sequences matching each chromosome is coupled to a different combination of 
fluorescent dyes. DNA molecules derived from chromosome 1 are labeled with one specific dye combination, 
those from chromosome 2 with another, and so on. Because the labeled DNA can form base pairs, or 
hybridize, only to the chromosome from which it was derived, each chromosome becomes labeled 
with a different combination of dyes. For such experiments, the chromosomes are subjected to treatments that 
separate the two strands of double-helical DNA in a way that permits base-pairing with the single-stranded 
labeled DNA, but keeps the overall chromosome structure relatively intact. (A) The chromosomes visualized 
as they originally spilled from the lysed cell. (B) The same chromosomes artificially lined up in their 
numerical order. This arrangement of the full chromosome set is called a karyotype. (Adapted from 
N. McNeil and T. Ried, Expert Rev. Mol. Med. 2:1–14, 2000. With permission from Cambridge University 
Press.) 

Eukaryotic DNA Is Packaged into a Set of Chromosomes 
Chromosomes Contain Long Strings of Genes

Figure 4–11 The banding patterns of 
human chromosomes. Chromosomes 1–
22 are numbered in approximate order of 
size. A typical human cell contains two 
of each of these chromosomes, plus two 
sex chromosomes—two X chromosomes 
in a female, one X and one Y 
chromosome in a male. The 
chromosomes used to make these maps 
were stained at an early stage in mitosis, 
when the chromosomes are incompletely 
compacted. The horizontal red line 
represents the position of the centromere 
(see Figure 4–19), which appears as a 
constriction on mitotic chromosomes. 
The red knobs on chromosomes 13, 14, 
15, 21, and 22 indicate the positions of 
genes that code for the large ribosomal 
RNAs (discussed in Chapter 6). These 
banding patterns are obtained by staining 
chromosomes with Giemsa stain, and 
they can be observed under the light 
microscope. (Adapted from U. Francke, 
Cytogenet. Cell Genet. 31:24– 32, 1981. 
With permission from the author.)

Eukaryotic DNA Is Packaged into a Set of Chromosomes 
Chromosomes Contain Long Strings of Genes

Figure 4–12 Aberrant human 
chromosomes. (A) Two normal human 
chromosomes, 4 and 6. (B) In an 
individual carrying a balanced 
chromosomal translocation, the DNA 
double helix in one chromosome has 
crossed over with the DNA double 
helix in the other chromosome due to 
an abnormal recombination event. The 
chromosome painting technique used 
on the chromosomes in each of the sets 
allows the identification of even short 
pieces of chromosomes that have 
become translocated, a frequent event 
in cancer cells. (Courtesy of Zhenya 
Tang and the NIGMS Human Genetic 
Cell Repository at the Coriell Institute 
for Medical Research: GM21880.) 

• The heterochromatic regions of a chromosome are often 
closely associated with the nuclear lamina, regardless of the 
chromosome examined.

• Different average positions for active and inactive genes.

Chromatin Can Move to Specific Sites Within 
the Nucleus to Alter Gene Expression



CHROMOSOMAL DNA AND ITS  
PACKAGING IN THE CHROMATIN FIBER

• Chromosomes Contain Long Strings of Genes

• The most important function of chromosomes is to carry genes (the 
functional units of heredity)

•  Gene: a segment of DNA that contains the instructions for 
making a particular protein. 

   (cf, Some genes produce an RNA molecules)

Chromosomes contain long stings of genes

Chromosomes Contain Long Strings of Genes

Figure 4–13 The arrangement of genes in the genome of S. cerevisiae compared to humans. (A) S. cerevisiae 
is a budding yeast widely used for brewing and baking. The genome of this single- celled eukaryote is 
distributed over 16 chromosomes. A small region of one chromosome has been arbitrarily selected to show its 
high density of genes. (B) A region of the human genome of equal length to the yeast segment in (A). The 
human genes are much less densely packed and the amount of interspersed DNA sequence is far greater. Not 
shown in this sample of human DNA is the fact that most human genes are much longer than yeast genes (see 
Figure 4–15). 

Chromosomes Contain Long Strings of Genes

Figure 4–14 Two closely related species of deer with very different chromosome numbers. In the evolution of 
the Indian muntjac, initially separate chromosomes fused, without having a major effect on the animal. These 
two species contain a similar number of genes. (Chinese muntjac photo courtesy of Deborah Carreno, Natural 
Wonders Photography.) 



The conserved regions include both functionally important exons and 
regulatory DNA sequences.

The nonconserved regions represent DNA whose sequence unlikely to 
be critical for function.

Roughly 5% of the human genome consists of "multi-species conserved 
sequences”.

Only about one- third of these sequences code for proteins.

The nucleotide sequence of the human genome 
shows how our genes are arranged

This unexpected discovery has led scientists to conclude that we 
understand much less about the cell biology of vertebrates than 
we had previously imagined. 

Certainly, there are enormous opportunities for new discoveries, 
and we should expect many surprises ahead.

• ‘Junk DNA’: a large excess of interspersed DNA, the majority of 
which does not seem to carry critical information.

• may be crucial for the long-term evolution.
• this extra DNA is highly conserved among related species.

• In general, the more complex an organism is, the larger its genome. 

• But, not always true.
• e.g., closely related species (see fig. 5-14).

• No simple relationship between gene number, chromosome number, and the 
total size. 

• e.g., Human vs (S. cerevisiae / plant / amoeba).

CHROMOSOMAL DNA AND ITS  
PACKAGING IN THE CHROMATIN FIBER

• The Nucleotide Sequence of the Human Genome 
Shows How Our Genes Are Arranged



The Nucleotide Sequence of the Human Genome Shows How Our 
Genes Are Arranged

Figure 4–15 The organization of genes on a human chromosome. (A) Chromosome 22, one of the smallest 
human chromosomes, contains 48 × 106 nucleotide pairs and makes up approximately 1.5% of the human 
genome. Most of the left arm of chromosome 22 consists of short repeated sequences of DNA that are 
packaged in a particularly compact form of chromatin (heterochromatin) discussed later in this chapter. (B) A 
tenfold expansion of a portion of chromosome 22, with about 40 genes indicated. Those in dark brown are 
known genes and those in red are predicted genes. (C) An expanded portion of (B) showing four genes. (D) 
The intron–exon arrangement of a typical gene is shown after a further tenfold expansion. Each exon (red) 
codes for a portion of the protein, while the DNA sequence of the introns (gray) is relatively unimportant, as 
discussed in detail in Chapter 6. The human genome (3.2 × 109 nucleotide pairs) is the totality of genetic 
information belonging to our species. Almost all of this genome is distributed over the 22 different 
autosomes and 2 sex chromosomes (see Figures 4–10 and 4–11) found within the nucleus. A minute fraction 
of the human genome (16,569 nucleotide pairs—in multiple copies per cell) is found in the mitochondria 
(introduced in Chapter 1, and discussed in detail in Chapter 14). The term human genome sequence refers to 
the complete nucleotide sequence of DNA in the 24 nuclear chromosomes and the mitochondria. Being 
diploid, a human somatic cell nucleus contains roughly twice the haploid amount of DNA, or 6.4 × 109 
nucleotide pairs, when not duplicating its chromosomes in preparation for division. (Adapted from 
International Human Genome Sequencing Consortium, Nature 409:860–921, 2001. With permission from 
Macmillan Publishers Ltd.) 

The Nucleotide Sequence of the Human Genome Shows How Our 
Genes Are Arranged

The Nucleotide Sequence of the Human Genome Shows How Our 
Genes Are Arranged

The Nucleotide Sequence of the Human Genome Shows How Our 
Genes Are Arranged

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 : 3.2 x 109 nt over 24 chromosomes.
Human 32억개의 Nucleotide 쌍으로 구성 (3.2 x 109 nt)
3.2 x 109 mm = 3.2 x 108 cm = 3.2 x 106 m = 3.2 x 103 km
(만일 mm단위로 그린다면 Africa를 횡단할 수 있는 길이)

101년

101년

3만7천 일

8십8만 시간

5천3백 분

• Each human cell contains about 2 m of DNA; yet the cell nucleus is 
only 5 to 8 μm in diameter (the equivalent of trying to fold 40 km of 
extremely fine thread into a tennis ball).

• In eukaryotic cells, enormously long double-stranded DNA molecules are 
packaged into chromosomes.

• The complex task of packing DNA is accomplished by specialized 
proteins that bind to and fold the DNA.

• Amazingly, the DNA is compacted in a way that allows it to remain 
accessible to all of the enzymes and other proteins that replicate it, repair 
it, and direct the expression of its gens.

Backgrounds CHROMOSOMAL DNA AND ITS  
PACKAGING IN THE CHROMATIN FIBER

• Each DNA Molecule That Forms a Linear 
Chromosome Must Contain a Centromere, Two 
Telomeres, and Replication Origins



Chromosomes exist in different states 
throughout the life of a cell

• Cell cycle:  Cell growth and division (when the replication and segregation 
of chromosomes occurs).

• Interphase: 
• Interphase Chromosomes
• Extended as long, thin, tangled thread of DNA. 
• Not be easily distinguished. 

• Mitosis: Chromosomes are distributed to the two daughter nuclei.

• Mitotic chromosomes
• More and more compact structure (highly condensed). 
• Most easily visualized.

Each DNA Molecule That Forms a Linear Chromosome Must Contain a 
Centromere, Two Telomeres, and Replication Origins

Figure 4–17 A simplified view of the eukaryotic cell cycle. During interphase, the cell is actively expressing 
its genes and is therefore synthesizing proteins. Also, during interphase and before cell division, the DNA is 
replicated and each chromosome is duplicated to produce two closely paired sister DNA molecules (called 
sister chromatids). A cell with only one type of chromosome, present in maternal and paternal copies, is 
illustrated here. Once DNA replication is complete, the cell can enter M phase, when mitosis occurs and the 
nucleus is divided into two daughter nuclei. During this stage, the chromosomes condense, the nuclear 
envelope breaks down, and the mitotic spindle forms from microtubules and other proteins. The condensed 
mitotic chromosomes are captured by the mitotic spindle, and one complete set of chromosomes is then pulled 
to each end of the cell by separating the members of each sister-chromatid pair. A nuclear envelope re-forms 
around each chromosome set, and in the final step of M phase, the cell divides to produce two daughter cells. 
Most of the time in the cell cycle is spent in interphase; M phase is brief in comparison, occupying only about 
an hour in many mammalian cells. 

Each DNA Molecule That Forms a Linear Chromosome Must Contain a 
Centromere, Two Telomeres, and Replication Origins

Figure 4–18 A mitotic chromosome. A mitotic 
chromosome is a condensed duplicated 
chromosome in which the two new 
chromosomes, called sister chromatids, are still 
linked together (see Figure 4–17). The constricted 
region indicates the position of the centromere.



• The interphase chromosomes
• Longer and finer than mitotic chromosomes

• Nonetheless organized in various ways.

• tends to occupy a particular region.
• do not become extensively entangled.
• specific regions of chromosomes are attached to sites on the 

nuclear envelop or the nuclear lamina.

• All eucaryotic cells package DNA tightly into chromosomes.

• Chromosome structure is dynamic.
• Not only do chromosomes condense and relax in concert with the 

cell cycle,
• but different regions of the interphase chromosome must unpack 

to allow cells to access specific DNA sequence for replication, repair, or gene 
expression.

*relax vs. unpack

      Condensation of Mitotic chromosomes

→  “beads-on-a-string” form of chromatin
→   30-nm chromatin fiber
→  Chromosome in extended form
→  Condensed section of chromosome
→  Entire mitotic chromosome

Each DNA Molecule That Forms a Linear Chromosome Must Contain a 
Centromere, Two Telomeres, and Replication Origins



Figure 4–19 The three DNA sequences required to produce a eukaryotic chromosome that can be replicated 
and then segregated accurately at mitosis. Each chromosome has multiple origins of replication, one 
centromere, and two telomeres. Shown here is the sequence of events that a typical chromosome follows 
during the cell cycle. The DNA replicates in interphase, beginning at the origins of replication and proceeding 
bidirectionally from the origins across the chromosome. In M phase, the centromere attaches the duplicated 
chromosomes to the mitotic spindle so that a copy of the entire genome is distributed to each daughter cell 
during mitosis; the special structure that attaches the centromere to the spindle is a protein complex called the 
kinetochore (dark green). The centromere also helps to hold the duplicated chromosomes together until they 
are ready to be moved apart. The telomeres form special caps at each chromosome end. 

Each DNA Molecule That Forms a Linear Chromosome Must Contain a 
Centromere, Two Telomeres, and Replication Origins

Replication origin 
• Duplication of the DNA begins. 
• Many replication origins to be replicated rapidly.

Telomeres 
• Found at each of the two ends of a chromosome.
• Repeated nucleotide sequences (GGGGTTA repeats in human) that enable the ends of 

chromosomes to be replicated. 

• Protect the end of the chromosome from being mistaken by the cell as a broken DNA 
molecule in need of repair.

Centromere 
• Allows one copy of each duplicated chromosome to be apportioned to each daughter 

cell.

CHROMOSOMAL DNA AND ITS  
PACKAGING IN THE CHROMATIN FIBER

• DNA Molecules Are Highly Condensed in 
Chromosomes

CHROMOSOMAL DNA AND ITS  
PACKAGING IN THE CHROMATIN FIBER

• Nucleosomes Are a Basic Unit of Eukaryotic 
Chromosome Structure



Nucleosomes Are a Basic Unit of Eukaryotic Chromosome Structure

Figure 4–20 Chromatin. As illustrated, chromatin consists of DNA bound to both histone and non-histone 
proteins. The mass of histone protein present is about equal to the total mass of non-histone protein, but—as 
schematically indicated here—the latter class is composed of an enormous number of different species. In 
total, a chromosome is about one-third DNA and two-thirds protein by mass. 

Nucleosomes Are a Basic Unit of Eukaryotic Chromosome Structure

Figure 4–21 Nucleosomes as seen in the electron microscope. (A) Chromatin isolated directly from an 
interphase nucleus appears in the electron microscope as a thread about 30 nm thick. (B) This electron 
micrograph shows a length of chromatin that has been experimentally unpacked, or decondensed, after 
isolation to show the nucleosomes. (A, courtesy of Barbara Hamkalo; B, courtesy of Victoria Foe.) 

• The proteins that bind to the DNA

• Histones
• Nonhistone chromosomal proteins

• Histones
• Enormous quantities: 60 million molecules / cell.

• Equal mass to that of DNA itself.

• Chromatin
• The complex of both classes of proteins + nuclear DNA.

• Exist in the form of fiber with a 30 nm diameter.

• Nucleosome
• Consists of DNA wound around a core histones.
• “beads on a string”

Nucleosomes Are a Basic Unit of Eukaryotic Chromosome Structure

Figure 4–22 Structural organization of the 
nucleosome. A nucleosome contains a 
protein core made of eight histone 
molecules. In biochemical experiments, the 
nucleosome core particle can be released 
from isolated chromatin by digestion of the 
linker DNA with a nuclease, an enzyme that 
breaks down DNA. (The nuclease can 
degrade the exposed linker DNA but cannot 
attack the DNA wound tightly around the 
nucleosome core.) After dissociation of the 
isolated nucleosome into its protein core 
and DNA, the length of the DNA that was 
wound around the core can be determined. 
This length of 147 nucleotide pairs is 
sufficient to wrap 1.7 times around the 
histone core. 
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CHROMOSOMAL DNA AND ITS  
PACKAGING IN THE CHROMATIN FIBER

• The Structure of the Nucleosome Core Particle 
Reveals How DNA Is Packaged

The Structure of the Nucleosome Core Particle Reveals How DNA Is 
Packaged

Figure 4–23 The structure of a nucleosome core particle, as determined by x-ray diffraction analyses of 
crystals. Each histone is colored according to the scheme in Figure 4–22, with the DNA double helix in light 
gray. (Adapted from K. Luger et al., Nature 389:251–260, 1997. With permission from Macmillan Publishers 
Ltd.) 

The Structure of the Nucleosome Core Particle Reveals How DNA Is 
Packaged



Figure 4–24 The overall structural organization of the core histones. (A) Each of the core histones contains an 
N-terminal tail, which is subject to several forms of covalent modification, and a histone fold region, as 
indicated. (B) The structure of the histone fold, which is formed by all four of the core histones. (C) Histones 
2A and 2B form a dimer through an interaction known as the “handshake.” Histones H3 and H4 form a dimer 
through the same type of interaction. (D) The final histone octamer on DNA. Note that all eight N-terminal 
tails of the histones protrude from the disc- shaped core structure. Their conformations are highly flexible, and 
they serve as binding sites for sets of other proteins. 

The Structure of the Nucleosome Core Particle Reveals How DNA Is 
Packaged The structure of nucleosome

• Isolation of nucleosome : ‘nuclease’. 

• An individual ‘nucleosome core particle’
• Eight histone proteins (H2Ax2, H2Bx2, H3x2, and H4x2) and double-
stranded DNA.
• DNA is 147 nt pairs long, winds around the histone octamer.

• High resolution structure of the nucleosome

• Solved in 1997 in atomic detail (discovered in 1974).

• Disc-shaped histone complex around which the DNA is tightly 
wrapped, making 1.7 turns in a left-handed coil.

• Linker DNA

• DNA between nucleosomes : ~ 80 nt.

• Meaning...
• Converts a DNA molecule into a chromatin thread ~ 1/3 of its initial length.

• First level of DNA packing.

• History about Histones

• Histones were discovered in 1884 by Albrecht Kossel. 

• The word "histone" dates from the late 19th century and is 
from the German word "Histon", a word itself of uncertain 
origin.

• During the 1980s, Yahli Lorch and Roger Kornberg showed 
that a nucleosome on a core promoter prevents the initiation 
of transcription in vitro.

• Michael Grunstein demonstrated that histones repress 
transcription in vivo, leading to the idea of the nucleosome as a 
general gene repressor. 

Adapted from https://en.wikipedia.org

• Vincent Allfrey and Alfred Mirsky earlier proposed a role 
of histone modification in transcriptional activation, regarded 
as a molecular manifestation of epigenetics. 

• Michael Grunstein and David Allis found support for this 
proposal, in the importance of histone acetylation for 
transcription in yeast and the activity of the transcriptional 
activator Gcn5 as a histone acetyltransferase (SAGA).

• The discovery of the H5 histone appears to date back to the 
1970s, and it is now considered an isoform of Histone H1.

Adapted from https://en.wikipedia.org



The Structure of the Nucleosome Core Particle Reveals How DNA Is 
Packaged

Figure 4–25 The bending of DNA in a nucleosome. The DNA helix makes 1.7 tight turns around the histone 
octamer. This diagram illustrates how the minor groove is compressed on the inside of the turn. Owing to 
structural features of the DNA molecule, the indicated dinucleotides are preferentially accommodated in such 
a narrow minor groove, which helps to explain why certain DNA sequences will bind more tightly than others 
to the nucleosome core.

• Small proteins (H2A, H2B, H3, H4 and H1)

• Contain positively charged amino acids (K or R).

• Bind tightly to the negatively charged DNA. 

• Histone N-terminal tail
• Several types of covalent modification (epigenetically 

inherited; Histone Code)
• Control many aspects of chromatin structure and gene 

expression (acetylation; methylation; phosphorylation; ubiquitination).

• Highly conserved of all known eukaryotic proteins.
• Extreme evolutionary conservation (e.g. peas and cows).

• Vital role in controlling eucaryotic chromosome structure.
• Also found in archaea.

Histones

CHROMOSOMAL DNA AND ITS  
PACKAGING IN THE CHROMATIN FIBER

• Nucleosomes Have a Dynamic Structure, and Are 
Frequently Subjected to Changes Catalyzed by 
ATP-Dependent Chromatin Remodeling Complexes

Nucleosomes Have a Dynamic Structure, and Are Frequently Subjected 
to Changes Catalyzed by ATP-Dependent Chromatin Remodeling 
Complexes

Figure 4–26 The nucleosome sliding catalyzed by ATP-dependent chromatin remodeling complexes. (A) 
Using the energy of ATP hydrolysis, the remodeling complex is thought to push on the DNA of its bound 
nucleosome and loosen its attachment to the nucleosome core. Each cycle of ATP binding, ATP hydrolysis, 
and release of the ADP and Pi products thereby moves the DNA with respect to the histone octamer in the 
direction of the arrow in this diagram. It requires many such cycles to produce the nucleosome sliding shown. 



Nucleosomes Have a Dynamic Structure, and Are Frequently Subjected 
to Changes Catalyzed by ATP-Dependent Chromatin Remodeling 
Complexes

(B) The structure of a nucleosome-bound dimer of the two identical ATPase subunits (green) that slide 
nucleosomes back and forth in the ISW1 family of chromatin remodeling complexes. 

Nucleosomes Have a Dynamic Structure, and Are Frequently Subjected 
to Changes Catalyzed by ATP-Dependent Chromatin Remodeling 
Complexes

(C) The structure of a large chromatin remodeling complex, showing how it is thought to wrap around a 
nucleosome. Modeled in green is the yeast RSC complex, which contains 15 subunits— including an ATPase 
and at least four subunits with domains that recognize specific covalently modified histones. (B, from L.R. 
Racki et al., Nature 462:1016–1021, 2009. With permission from Macmillan Publishers Ltd; C, adapted from 
A.E. Leschziner et al., Proc. Natl Acad. Sci. USA 104:4913–4918, 2007.) 

Nucleosomes Have a Dynamic Structure, and Are Frequently Subjected 
to Changes Catalyzed by ATP-Dependent Chromatin Remodeling 
Complexes

Figure 4–27 Nucleosome removal and histone exchange catalyzed by ATP-dependent chromatin remodeling 
complexes. By cooperating with specific members of a large family of different histone chaperones, some 
chromatin remodeling complexes can remove the H2A–H2B dimers from a nucleosome (top series of 
reactions) and replace them with dimers that contain a variant histone, such as the H2AZ–H2B dimer (see 
Figure 4–35). Other remodeling complexes are attracted to specific sites on chromatin and cooperate with 
histone chaperones to remove the histone octamer completely and/or to replace it with a different nucleosome 
core (bottom series of reactions). Highly simplified views of the processes are illustrated here. 

Nucleosomes Have a Dynamic Structure, and Are Frequently Subjected 
to Changes Catalyzed by ATP-Dependent Chromatin Remodeling 
Complexes



CHROMOSOMAL DNA AND ITS  
PACKAGING IN THE CHROMATIN FIBER

• Nucleosomes Are Usually Packed Together into a 
Compact Chromatin Fiber

Nucleosomes Are Usually Packed Together into a Compact Chromatin 
Fiber

Figure 4–28 A zigzag model for the 30- nm chromatin fiber. (A) The conformation of two of the four 
nucleosomes in a tetranucleosome, from a structure determined by x-ray crystallography. 

Nucleosomes Are Usually Packed Together into a Compact Chromatin 
Fiber

(B) Schematic of the entire tetranucleosome; the fourth nucleosome is not visible, being stacked on the bottom 
nucleosome and behind it in this diagram. 

Nucleosomes Are Usually Packed Together into a Compact Chromatin 
Fiber

(C) Diagrammatic illustration of a possible zigzag structure that could account for the 30-nm chromatin fiber. 
(A, PDB code: 1ZBB; C, adapted from C.L. Woodcock, Nat. Struct. Mol. Biol. 12:639–640, 2005. With 
permission from Macmillan Publishers Ltd.) 



Nucleosomes Are Usually Packed Together into a Compact Chromatin 
Fiber

Figure 4–29 A model for the role played by histone tails in the compaction of chromatin. (A) A schematic 
diagram shows the approximate exit points of the eight histone tails, one from each histone protein, that 
extend from each nucleosome. The actual structure is shown to its right. In the high-resolution structure of the 
nucleosome, the tails are largely unstructured, suggesting that they are highly flexible. 

Nucleosomes Are Usually Packed Together into a Compact Chromatin 
Fiber

(B) As indicated, the histone tails are thought to be involved in interactions between nucleosomes that help to 
pack them together. (A, PDB code: 1KX5.) 

Nucleosomes Are Usually Packed Together into a Compact Chromatin 
Fiber

https://www.rcsb.org/structure/1KX5

Nucleosomes Are Usually Packed Together into a Compact Chromatin 
Fiber

Figure 4–30 How the linker histone binds to the nucleosome. The position and structure of histone H1 is 
shown. The H1 core region constrains an additional 
20 nucleotide pairs of DNA where it exits from the nucleosome core and is important for compacting 
chromatin. (A) Schematic, and 



Nucleosomes Are Usually Packed Together into a Compact Chromatin 
Fiber

(B) structure inferred for a single 
nucleosome from a structure determined 
by high-resolution electron microscopy 
of a reconstituted chromatin fiber

Nucleosomes Are Usually Packed Together into a Compact Chromatin 
Fiber

(C). (B and C, adapted from F. Song et 
al., Science 344:376–380, 2014.) 

• Chromatin in the living cell rarely adopts the extended beads-on-a-sting form.

• Instead, the nucleosomes are further packed to generate a more compact 

structure, the 30-nm fiber.

Histone H1
• 5th histone; Linker histone.
• Pull the nucleosomes together into a regular repeating array into 30-

nm fiber.
• Mitotic chromosome

• 30-nm fiber is folded into a series of loops.
• Further condensed to produce the interphase chromosome.
• Undergo at least one more level of packing for the mitotic chromosome.

Cohesins help hold sister chromatids 
together



Figure 17-24  Molecular Biology of the Cell (© Garland Science 2008)

• Sister chromatids
• After the chromosomes have been duplicated in S phase, the two 

copies of each remain tightly bound together.

• held together by protein complex, cohesins.

• assemble along each sister chromatid.

• form protein rings that surround the two sister chromatids, 
keeping them united.

• crucial for proper chromosome segregation.

• broken completely only in late mitosis to allow the 
sister chromatid to be pulled apart by the mitotic spindle.

19_03_Cohesins_conde.jpg
Condensins help configure duplicated 
chromosomes for separation

Figure 17-27  Molecular Biology of the Cell (© Garland Science 2008)

Condensin



Cohesin

Condensins

• Five-subunit protein complex that resemble cohesin (four subunits).

• help carry out the chromosome condensation

• M-Cdk (Cyclin-dependent kinase) phosphorylates some of the condensin 
subunits of five

• M-Cdk triggers the assembly of condensin complexes onto DNA

• makes the mitotic chromosomes more compact

• structurally related to cohesins 

• form ring structure

• configure the related chromosomes for mitosis

• assemble on each individual chromatid at the start of M phase and 
coil up the DNA to condense (cf. cohesins assemble on the DNA in S phase and tie 
together two parallel DNA)

Summary

A gene is a nucleotide sequence in a DNA molecule that acts as a 
functional unit for the production of a protein, a structural RNA, or a 
catalytic or regulatory RNA molecule. In eukaryotes, protein-coding 
genes are usually composed of a string of alternating introns and 
exons associated with regulatory regions of DNA. A chro- mosome is 
formed from a single, enormously long DNA molecule that contains a 
linear array of many genes, bound to a large set of proteins. The 
human genome contains 3.2 × 109 DNA nucleotide pairs, divided 
between 22 different autosomes (present in two copies each) and 2 
sex chromosomes. Only a small percentage of this DNA codes for 
proteins or functional RNA molecules. A chromosomal DNA mole- 
cule also contains three other types of important nucleotide 
sequences: replication origins and telomeres allow the DNA molecule 
to be efficiently replicated, while a centromere attaches the sister 
DNA molecules to the mitotic spindle, ensuring their accurate 
segregation to daughter cells during the M phase of the cell cycle. 

Summary

The DNA in eukaryotes is tightly bound to an equal mass of histones, 
which form repeated arrays of DNA–protein particles called 
nucleosomes. The nucleosome is composed of an octameric core of 
histone proteins around which the DNA double helix is wrapped. 
Nucleosomes are spaced at intervals of about 200 nucleotide pairs, and 
they are usually packed together (with the aid of histone H1 molecules) 
into quasi-regular arrays to form a 30-nm chromatin fiber. Even though 
compact, the structure of chromatin must be highly dynamic to allow 
access to the DNA. There is some spontaneous DNA unwrapping and 
rewrapping in the nucleosome itself; however, the general strategy for 
reversibly changing local chromatin struc- ture features ATP-driven 
chromatin remodeling complexes. Cells contain a large set of such 
complexes, which are targeted to specific regions of chromatin at 
appropri- ate times. The remodeling complexes collaborate with histone 
chaperones to allow nucleosome cores to be repositioned, reconstituted 
with different histones, or com- pletely removed to expose the 
underlying DNA. 



CHROMATIN STRUCTURE  
AND FUNCTION

• Heterochromatin Is Highly Organized and Restricts 
Gene Expression
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• The Heterochromatic State Is Self-Propagating

The Heterochromatic State Is Self-Propagating

Figure 4–31 The cause of position effect variegation in Drosophila. (A) Heterochromatin (green) is normally 
prevented from spreading into adjacent regions of euchromatin (red) by barrier DNA sequences, which we 
shall discuss shortly. In flies that inherit certain chromosomal rearrangements, however, this barrier is no 
longer present. 

The Heterochromatic State Is Self-Propagating

(B) During the early development of such flies, heterochromatin can spread into neighboring chromosomal 
DNA, proceeding for different distances in different cells. This spreading soon stops, but the established 
pattern of heterochromatin is subsequently inherited, so that large clones of progeny cells are produced that 
have the same neighboring genes condensed into heterochromatin and thereby inactivated (hence the 
“variegated” appearance of some of these flies; see Figure 4–32). Although “spreading” is used to describe the 
formation of new heterochromatin close to previously existing heterochromatin, the term may not be wholly 
accurate. There is evidence that during expansion, the condensation of DNA into heterochromatin can “skip 
over” some regions of chromatin, sparing the genes that lie within them from repressive effects. 



How is the formation of heterochromatin induced? 

• A particular set of histone tail modifications (ex. H3K9me). 

• H3K9me attracts a set of heterochromatin-specific proteins.
• These specific proteins then induce the same H3K9me in adjacent 

nucleosomes (Spreading).

• Conclusion

• A spreading wave of condensed chromatin.
• In this manner, an extended region of heterochromatin 

is established along the DNA.

Heterochromatin

The Heterochromatic State Is Self-Propagating

1.  Position Effect Variegation

• The activity of a gene depends on its position along a chromosome (Fig. 
5-29). 

• Genes that do become packaged into heterochromatin usually become 
resistant to being expressed because heterochromatin is unusually 
compact.

2. Inappropriate packing of genes in heterochromatin can 
cause disease.

• β-globin is situated next to heterochromatin. 

• If, DNA is deleted, the region of heterochromatin is 
spreads, the the gene is poorly expressed.

• A severe form of anemia.



Figure 4–32 The discovery of position effects on gene expression. The White gene in the fruit fly Drosophila 
controls eye pigment production and is named after the mutation that first identified it. Wild-type flies with a 
normal White gene (White+) have normal pigment production, which gives them red eyes, but if the White 
gene is mutated and inactivated, the mutant flies (White–) make no pigment and have white eyes. In flies in 
which a normal White gene has been moved near a region of heterochromatin, the eyes are mottled, 
with both red and white patches. The white patches represent cell lineages in which the White gene has been 
silenced by the effects of the heterochromatin. In contrast, the red patches represent cell lineages in which the 
White gene is expressed. Early in development, when the heterochromatin is first formed, it spreads into 
neighboring euchromatin to different extents in different embryonic cells (see Figure 4–31). The presence of 
large patches of red and white cells reveals that the state of transcriptional activity, as determined by the 
packaging of this gene into chromatin in those ancestor cells, is inherited by all daughter cells. 

The Heterochromatic State Is Self-Propagating CHROMATIN STRUCTURE  
AND FUNCTION

• The Core Histones Are Covalently Modified at Many 
Different Sites

The Core Histones Are Covalently Modified at Many Different Sites

Figure 4–33 Some prominent types of covalent amino acid side-chain modifications found on nucleosomal 
histones. (A) Three different levels of lysine methylation are shown; each can be recognized by a different 
binding protein and thus each can have a different significance for the cell. Note that acetylation removes the 
plus charge on lysine, and that, most importantly, an acetylated lysine cannot be methylated, and vice versa. 

The Core Histones Are Covalently Modified at Many Different Sites

(B) Serine phosphorylation adds a negative charge to a histone. Modifications of histones not shown here 
include the mono- or dimethylation of an arginine, the phosphorylation of a threonine, the addition of ADP-
ribose to a glutamic acid, and the addition of a ubiquityl, sumoyl, or biotin group to a lysine. 



The Core Histones Are Covalently Modified at Many Different Sites

Figure 4–34 The covalent modification 
of core histone tails. (A) The structure of 
the nucleosome highlighting the location 
of the first 30 amino acids in each of its 
eight N-terminal histone tails (green). 
These tails are unstructured and highly 
mobile, and thus will change their 
conformation depending on other bound 
proteins 

The Core Histones Are Covalently Modified at Many Different Sites

(B) Well-documented modifications of the four histone core proteins are indicated. Although only a single 
symbol is used here for methylation (M), each lysine (K) or arginine (R) can be methylated in several 
different ways. Note also that some positions (e.g., lysine 9 of H3) can be modified either by methylation or 
by acetylation, but not both. Most of the modifications shown add a relatively small molecule onto the 
histone tails; the exception is ubiquitin, a 76-amino-acid protein also used for other cell processes (see Figure 
3–69). Not shown are more than 20 possible modifications located in the globular core of the histones. (A, 
PDB: 1KX5; B, adapted from H. Santos-Rosa and C. Caldas, Eur. J. Cancer 41:2381–2402, 2005. With 
permission from Elsevier.) 

Chemical Modifications of the Histones

1. Tails of all four of the core histones.
1.1.Covalent modifications (ac, ph, me, or ub).

2. Affect the ability of the histone tails to bind specific proteins and therefore 

recruit them to particular stretches of chromatin.
2.1.Different patterns attract different proteins.
2.2.Specific combinations have different meanings for the cell.

3. Further (de)condensation of chromatin.

3.1.The enzymes that modify histone tails are tightly regulated.

3.2.The histone-modifying enzymes work in concert with 
(Team work)  the chromatin-remodeling complexes to 

(de)condense stretches of chromatin.

결론: Rapidly change local chromatin structure according to the 

needs of the cell.
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Chromatin Acquires Additional Variety Through the Site-Specific 
Insertion of a Small Set of Histone Variants

Chromatin Acquires Additional Variety Through the Site-Specific 
Insertion of a Small Set of Histone Variants

Figure 4–35 The structure of some histone variants compared with the major histone that they replace. The 
histone variants are inserted into nucleosomes at specific sites on chromosomes by ATP-dependent chromatin 
remodeling enzymes that act in concert with histone chaperones (see Figure 4–27). The CENP-A (Centromere 
Protein-A) variant of histone H3 is discussed later in this chapter (see Figure 4–42); other variants are 
discussed in Chapter 7. The sequences in each variant that are colored differently (compared to the major 
histone above it) denote regions with an amino acid sequence different from this major histone. (Adapted from 
K. Sarma and D. Reinberg, Nat. Rev. Mol. Cell Biol. 6:139–149, 2005. With permission from Macmillan 
Publishers Ltd.) 

CHROMATIN STRUCTURE  
AND FUNCTION

• Covalent Modifications and Histone Variants Act in 
Concert to Control Chromosome Functions



Covalent Modifications and Histone Variants Act in Concert to Control 
Chromosome Functions

Covalent Modifications and Histone Variants Act in Concert to Control 
Chromosome Functions

Figure 4–36 How a mark on a nucleosome is read. The figure shows the structure of a protein module (called 
an ING PHD domain) that specifically recognizes histone H3 trimethylated on lysine 4. (A) A trimethyl group. 
(B) Space-filling model of an ING PHD domain bound to a histone tail (green, with the trimethyl group 
highlighted in yellow). (C) A ribbon model showing how the N-terminal six amino acids in the H3 tail are 
recognized. The red lines represent hydrogen bonds. This is one of a family of PHD domains that recognize 
methylated lysines on histones; different members of the family bind tightly to lysines located at different 
positions, and they can discriminate between a mono-, di-, and trimethylated lysine. In a similar way, other 
small protein modules recognize specific histone side chains that have been marked with acetyl groups, 
phosphate groups, and so on. (Adapted from P.V. Peña et al., Nature 442:100–103, 2006. With permission 
from Macmillan Publishers Ltd.) 

Covalent Modifications and Histone Variants Act in Concert to Control 
Chromosome Functions

Figure 4–37 Recognition of a specific combination of marks on a nucleosome. In the example shown, two 
adjacent domains that are part of the NURF (Nucleosome Remodeling Factor) chromatin remodeling complex 
bind to the nucleosome, with the PHD domain (red) recognizing a methylated H3 lysine 4 and another domain 
(a bromodomain, blue) recognizing an acetylated H4 lysine 16. These two histone marks constitute a unique 
histone modification pattern that occurs in subsets of nucleosomes in human cells. Here the two histone tails 
are indicated by green dotted lines, and only half of one nucleosome is shown. (Adapted from A.J. Ruthenburg 
et al., Cell 145:692–706, 2011. With permission from Elsevier.) 

Covalent Modifications and Histone Variants Act in Concert to Control 
Chromosome Functions

Figure 4–38 Schematic diagram showing how a 
particular combination of histone modifications 
can be recognized by a reader complex. A large 
protein complex that contains a series of protein 
modules, each of which recognizes a specific 
histone mark, is schematically illustrated (green). 
This “reader complex” will bind tightly only to a 
region of chromatin that contains several of the 
different histone marks that it recognizes. 
Therefore, only a specific combination of marks 
will cause the complex to bind to chromatin and 
attract the additional protein complexes (purple) 
needed to catalyze a biological function. 



Covalent Modifications and Histone Variants Act in Concert to Control 
Chromosome Functions

Figure 4–39 Some specific meanings of histone modifications. (A) The modifications on the histone H3 N-
terminal tail are shown, repeated from Figure 4–34. 

Covalent Modifications and Histone Variants Act in Concert to Control 
Chromosome Functions

(B) The H3 tail can be marked by different sets of modifications that act in combination to convey a specific 
meaning. Only a small number of the meanings are known, including the three examples shown. Not 
illustrated is the fact that, as just implied (see Figure 4–38), reading a histone mark generally involves the 
joint recognition of marks at other sites on the nucleosome along with the indicated H3 tail recognition. In 
addition, specific levels of methylation (mono-, di-, or trimethyl groups) are generally required. Thus, for 
example, the trimethylation of lysine 9 attracts the heterochromatin-specific protein HP1, which induces a 
spreading wave of further lysine 9 trimethylation followed by further HP1 binding, according to the general 
scheme that will be illustrated shortly (see Figure 4–40). Also important in this process, however, is a 
synergistic trimethylation of the histone H4 N-terminal tail on lysine 20. 

CHROMATIN STRUCTURE  
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A Complex of Reader and Writer Proteins Can Spread Specific 
Chromatin Modifications Along a Chromosome



Figure 4–40 How the recruitment of a reader–writer complex can spread chromatin changes along a 
chromosome. The writer is an enzyme that creates a specific modification on one or more of the four 
nucleosomal histones. After its recruitment to a specific site on a chromosome by a transcription regulatory 
protein, the writer collaborates with a reader protein to spread its mark from nucleosome to nucleosome by 
means of the indicated reader–writer complex. For this mechanism to work, the reader must recognize the 
same histone modification mark that the writer produces; its binding to that mark can be shown to activate the 
writer. In this schematic example, a spreading wave of chromatin condensation is thereby induced. Not shown 
are the additional proteins involved, including an ATP-dependent chromatin remodeling complex required to 
reposition the modified nucleosomes. 

A Complex of Reader and Writer Proteins Can Spread Specific 
Chromatin Modifications Along a Chromosome

• The enzymes that modify (or remove modifications 
from) the histones in nucleosomes are part of 
multisubunit complexes.

• They can initially be brought to a particular region of 
chromatin by one of the sequence-specific DNA-
binding proteins (gene regulatory proteins).

A Complex of Code-reader and Code-Writer Proteins Can 
Spread Specific Chromatin Modifications for Long Distances 
Along a Chromosome

1. The "code-writer" enzyme works in concert with a code-

reader protein located in the same protein complex. 
: After a modifying enzyme "writes" its mark on one or a few neighboring nucleosomes, 

events that resemble a chain reaction can ensue.

2. The reader-writer complexes also contain an ATP-

dependent chromatin remodeling protein
The reader, writer, and remodeling proteins work in concert to either decondense or 

condense long stretches of chromatin.

CHROMATIN STRUCTURE  
AND FUNCTION

• Barrier DNA Sequences Block the Spread of 
Reader–Writer Complexes and thereby Separate 
Neighboring Chromatin Domains



Barrier DNA Sequences Block the Spread of Reader–Writer Complexes 
and thereby Separate Neighboring Chromatin Domains

Barrier DNA Sequences Block the Spread of Reader–Writer Complexes 
and thereby Separate Neighboring Chromatin Domains

Figure 4–41 Some mechanisms of barrier action. These models are derived from experimental analyses of 
barrier action, and a combination of several of them may function at any one site. (A) The tethering of a 
region of chromatin to a large fixed site, such as the nuclear pore complex illustrated here, can form a 
barrier that stops the spread of heterochromatin. (B) The tight binding of barrier proteins to a group of 
nucleosomes can make this chromatin resistant to heterochromatin spreading. (C) By recruiting a group of 
highly active histone-modifying enzymes, barriers can erase the histone marks that are required for 
heterochromatin to spread. For example, a potent acetylation of lysine 9 on histone H3 will compete with 
lysine 9 methylation, thereby preventing the binding of the HP1 protein needed to form a major form of 
heterochromatin. (Based on A.G. West and P. Fraser, Hum. Mol. Genet. 14:R101–R111, 2005. With 
permission from Oxford University press.) 

1. The tethering of a region of chromatin to a large fixed site, 
such as the nuclear pore complex

: can form a barrier that stops the spread of heterochromatin.

2. The tight binding of barrier proteins to a group of 
nucloesomes can compete with heterochromatin spreading.

Barrier DNA Sequences Block the Spread of Reader-
Writer Complexes and thereby Separate Neighboring 
Chromatin Domains.

3. Recruiting a group of highly active histone modifying 
enzymes
: Barriers can erase the histone marks that are required for 
heterochromatin to spread.

e.g., a potent acetylation of lysine 9 on histone H3 will compete 
with lysine 9 methylation, thereby preventing the HP1 protein 
binding needed to form some forms of heterochromatin.
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The Chromatin in Centromeres Reveals How Histone Variants Can 
Create Special Structures

Figure 4–42 A model for the structure of a simple centromere. (A) In the yeast Saccharomyces cerevisiae, a 
special centromeric DNA sequence assembles a single nucleosome in which two copies of an H3 variant 
histone (called CENP-A in most organisms) replace the normal H3. 

The Chromatin in Centromeres Reveals How Histone Variants Can 
Create Special Structures

(B) How peptide sequences unique to this variant histone (see Figure 4–35) help to assemble additional 
proteins, some of which form a kinetochore. The yeast kinetochore is unusual in capturing only 
a single microtubule; humans have much larger centromeres and form kinetochores that can capture 20 or 
more microtubules (see Figure 4–43). The kinetochore is discussed in detail in Chapter 17. (Adapted from A. 
Joglekar et al., Nat. Cell Biol. 8:581–585, 2006. With permission from Macmillan Publishers Ltd.) 

The Chromatin in Centromeres Reveals How Histone Variants Can 
Create Special Structures

Figure 4–43 Evidence for the plasticity of human centromere formation. (A) A series of A-T-rich alpha 
satellite DNA sequences is repeated many thousands of times at each human centromere (red), and is 
surrounded by pericentric heterochromatin (brown). However, due to an ancient chromosome breakage-and-
rejoining event, some human chromosomes contain two blocks of alpha satellite DNA, each of which 
presumably functioned as a centromere in its original chromosome. Usually, chromosomes with two 
functional centromeres are not stably propagated because they attach improperly to the spindle and are broken 
apart during mitosis. In chromosomes that do survive, however, one of the centromeres has somehow become 
inactivated, even though it contains all the necessary DNA sequences. This allows the chromosome to be 
stably propagated. 



The Chromatin in Centromeres Reveals How Histone Variants Can 
Create Special Structures

(B) In a small fraction (1/2000) of human births, extra chromosomes are observed in cells of the offspring. 
Some of these extra chromosomes, which have formed from a breakage event, lack alpha satellite DNA 
altogether, yet new centromeres (neocentromeres) have arisen from what was originally euchromatic DNA. 
The complexity of centromeric chromatin is not illustrated in these diagrams. The alpha satellite DNA that 
forms centromeric chromatin in humans is packaged into alternating blocks of chromatin. One block is formed 
from a long string of nucleosomes containing the CENP-A H3 variant histone; the other block contains 
nucleosomes that are specially marked with dimethyl lysine 4 on the normal H3 histone. Each block is more 
than a thousand nucleosomes long. This centromeric chromatin is flanked by pericentric heterochromatin, as 
shown. The pericentric chromatin contains methylated lysine 9 on its H3 histones, along with HP1 protein, 
and it is an example of “classical” heterochromatin (see Figure 4–39).

• The presence of nucleosomes carrying histone variants 
is though to produce marks in chromatin that are 
unusually long lasting; centromere!

• Each centromere is embedded in a stretch of special 
centric heterochromatin that persists throughout 
interphase. 

• A centromere-specific variant H3 histone (CENP-A) + 
additional proteins.

The Chromatin in Centromeres Reveals How Histone 
Variants Can Create Special Structures

1. Yeast S. cerevisiae
• centromere consists of 125 nt pairs

• a dozen different proteins assemble on centromere (CENTP-A and 
other proteins)

2. Fly and human
• Centromeres consists of over hundreds of thousands of nt pairs.

• Do not contain a centromere-specific DNA sequence.

• Short repeated DNA sequences, known as alpha satellite DNA in 
humans; but not sufficient to direct centromere formation.

• New human centromeres (called neocentromeres), which form 
spontaneous on fragmented chromosomes.

• Thus, centromeres in complex organisms are defined by an assembly of proteins, 
instead of by a specific DNA sequence.

CHROMATIN STRUCTURE  
AND FUNCTION

• Some Chromatin Structures Can Be Directly 
Inherited
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Figure 4–44 How the packaging of DNA in chromatin can be inherited following chromosome replication. 
In this model, some of the specialized chromatin components are distributed to each sister chromosome after 
DNA duplication, along with the specially marked nucleosomes that they bind. After DNA replication, the 
inherited nucleosomes that are specially modified, acting in concert with the inherited chromatin components, 
change the pattern of histone modification on the newly formed nucleosomes nearby. This creates new binding 
sites for the same chromatin components, which then assemble to complete the structure. The latter process is 
likely to involve reader– writer–remodeling complexes operating in a manner similar to that previously 
illustrated in Figure 4–40.
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Figure 4–45 Evidence for the inheritance of a gene-activating chromatin state. The well-characterized MyoD 
gene encodes a master transcription regulatory protein for muscle, MyoD (see p. 399). This gene is normally 
turned on in the indicated region of the young embryo where somites form. When a nucleus from this region 
is injected into an enucleated egg as shown, many of the progeny cell nuclei abnormally express the MyoD 
protein in non-muscle regions of the “nuclear transplant embryo” that forms. This abnormal expression can be 
attributed to maintenance of the MyoD promoter region in its active chromatin state through the many cycles 
of cell division that produce the blastula-stage embryo—a so-called “epigenetic memory” that persists in this 
case in the absence of transcription. The active chromatin surrounding the MyoD promoter contains the 
variant histone H3.3 (see Figure 4–35) in a Lys4 methylated form. As indicated, an overproduction of this 
histone caused by injecting excess mRNA encoding the normal H3.3 protein increases both H3.3 occupancy 
on the MyoD promoter and the epigenetic MyoD production, whereas injection of an mRNA producing a 
mutant form of H3.3 that cannot be methylated at Lys4 reduces the epigenetic MyoD production. Such 
experiments provide evidence that an inherited chromatin state underlies the epigenetic memory observed. 
(Adapted from R.K. Ng and J.B. Gurdon, Nat. Cell Biol. 10:102–109, 2008. With permission from Macmillan 
Publishers Ltd.) 

CHROMATIN STRUCTURE  
AND FUNCTION

• Chromatin Structures Are Important for Eukaryotic 
Chromosome Function

Summary

In the chromosomes of eukaryotes, DNA is uniformly assembled 
into nucleosomes, but a variety of different chromatin structures is 
possible. This variety is based on a large set of reversible covalent 
modifications of the four histones in the nucleosome core. These 
modifications include the mono-, di-, and trimethylation of many 
differ- ent lysine side chains, an important reaction that is 
incompatible with the acetylation that can occur on the same 
lysines. Specific combinations of the modifications mark many 
nucleosomes, governing their interactions with other proteins. 
These marks are read when protein modules that are part of a larger 
protein complex bind to the modified nucleosomes in a region of 
chromatin. These reader proteins then attract additional proteins 
that perform various functions. 

Summary

Some reader protein complexes contain a histone-modifying enzyme, such 
as a histone lysine methylase, that “writes” the same mark that the reader 
recognizes. A reader–writer–remodeling complex of this type can spread a 
specific form of chro- matin along a chromosome. In particular, large 
regions of condensed heterochro- matin are thought to be formed in this 
way. Heterochromatin is commonly found around centromeres and near 
telomeres, but it is also present at many other posi- tions in chromosomes. 
The tight packaging of DNA into heterochromatin usually silences the 
genes within it. 

The phenomenon of position effect variegation provides strong evidence for 
the inheritance of condensed states of chromatin from one cell generation to 
the next. A similar mechanism appears to be responsible for maintaining the 
specialized chromatin at centromeres. More generally, the ability to 
propagate specific chromatin structures across cell generations makes 
possible an epigenetic cell memory process that plays a role in maintaining 
the set of different cell states required by complex multicellular organisms. 



THE GLOBAL STRUCTURE OF CHROMOSOMES

• Chromosomes Are Folded into Large Loops of 
Chromatin

Chromosomes Are Folded into Large Loops of Chromatin

Figure 4–46 A model for the chromatin domains in a lampbrush chromosome. Shown is a small portion of one 
pair of sister chromatids. Here, identical DNA double helices are aligned side by side, packaged into different 
types of chromatin. The set of lampbrush chromosomes in many amphibians contains a total of about 10,000 
loops resembling those shown here. The rest of the DNA in each chromosome (the great majority) remains 
highly condensed. Four copies of each loop are present in the cell, since each lampbrush chromosome consists 
of two aligned sets of paired chromatids. This four-stranded structure is characteristic of this stage of 
development of the oocyte, which has arrested at the diplotene stage of meiosis; see Figure 17–56. 

Chromosomes Are Folded into Large Loops of Chromatin

Figure 4–47 Lampbrush chromosomes. (A) A light micrograph of lampbrush chromosomes in an amphibian 
oocyte. Early in oocyte differentiation, each chromosome replicates to begin meiosis, and the homologous 
replicated chromosomes pair to form this highly extended structure containing a total of four replicated DNA 
double helices, or chromatids. The lampbrush chromosome stage persists for months or years, while the 
oocyte builds up a supply of materials required for its ultimate development into a new individual.

Chromosomes Are Folded into Large Loops of Chromatin

(B) An enlarged region of a similar chromosome, stained with a fluorescent reagent that makes the loops 
active in RNA synthesis clearly visible. (Courtesy of Joseph G. Gall.)
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Figure 4–48 A method for determining the position of loops in interphase chromosomes. In this technique, 
known as the chromosome conformation capture (3C) method, cells are treated with formaldehyde to create 
the indicated covalent DNA–protein and DNA–DNA cross-links. The DNA is then treated with an enzyme (a 
restriction nuclease) that chops the DNA into many pieces, cutting at strictly defined nucleotide sequences and 
forming sets of identical “cohesive ends” (see Figure 8–28). The cohesive ends can be made to join through 
their complementary base-pairing. Importantly, prior to the ligation step shown, the DNA is diluted so that the 
fragments that have been kept in close proximity to each other (through cross-linking) are the ones most likely 
to join. Finally, the cross-links are reversed and the newly ligated fragments of DNA are identified and 
quantified by PCR (the polymerase chain reaction, described in Chapter 8). From the results, combined with 
DNA sequence information, one can derive models for the interphase conformation of chromosomes. 

Chromosomes Are Folded into Large Loops of Chromatin

Figure 4–49 A model for the organization of an interphase chromosome. A section of an interphase 
chromosome is shown folded into a series of looped domains, each containing perhaps 50,000–200,000 or 
more nucleotide pairs of double-helical DNA condensed into a chromatin fiber. The chromatin in each 
individual loop is further condensed through poorly understood folding processes that are reversed when the 
cell requires direct access to the DNA packaged in the loop. Neither the composition of the postulated 
chromosomal axis nor how the folded chromatin fiber is anchored to it is clear. However, in mitotic 
chromosomes, the bases of the chromosomal loops are enriched both in condensins (discussed below) and in 
DNA topoisomerase II enzymes (discussed in Chapter 5), two proteins that may form much of the axis at 
metaphase.

• Interphase chromosome

• Studies of the stiff and extended meiotically paired 
chromosomes in growing amphibian (양서류) oocytes 
(immature eggs).

• Lampbrush chromosomes (the largest chromosomes 
known, 램프브러시 염색체(난모(卵母) 세포 중의 거대한 염색체).

Chromosomes Are Folded into Large Loops of Chromatin



• Most of the genes present in the DNA loops are being 
actively expressed.

• While the majority of the DNA is not in loops but 
remains highly condensed in the chromomeres on the axis, 
where genes are generally not expressed.

• It is thought that the interphase chromosomes of all 
eucaryotes are similarly arranged in loops.

• These loops are normally too small and fragile to be 
easily observed in a light microscope. 

• Chromosome conformation capture (3C) method 
suggest that the DNA in human chromosomes is organized 
into loops of different lengths.

• A typical loop might contain between 50,000 and 
200,000 nucleotide pairs of DNA.
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Figure 4–50 The entire set of polytene chromosomes in one Drosophila salivary cell. In this drawing of a light 
micrograph, the giant chromosomes have been spread out for viewing by squashing them against a 
microscope slide. Drosophila has four chromosomes, and there are four different chromosome pairs present. 
But each chromosome is tightly paired with its homolog (so that each pair appears as a single structure), 
which is not true in most nuclei (except in meiosis). Each chromosome has undergone multiple rounds of 
replication, and the homologs and all their duplicates have remained in exact register with each other, 
resulting in huge chromatin cables many DNA strands thick. The four polytene chromosomes 
are normally linked together by heterochromatic regions near their centromeres that aggregate to create 
a single large chromocenter (pink region). In this preparation, however, the chromocenter has been split into 
two halves by the squashing procedure used. (Adapted from T.S. Painter, J. Hered. 25:465–476, 1934. With 
permission from Oxford University Press.) 
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igure 4–51 Micrographs of polytene 
chromosomes from Drosophila salivary 
glands. (A) Light micrograph of a portion of a 
chromosome. The DNA has been stained with 
a fluorescent dye, but a reverse image is 
presented here that renders the DNA black 
rather than white; the bands are clearly seen to 
be regions of increased DNA concentration. 
This chromosome has been processed by a 
high-pressure treatment so as to show its 
distinct pattern of bands and interbands more 
clearly.

Polytene Chromosomes Are Uniquely Useful for Visualizing Chromatin 
Structures

(B) An electron micrograph of a small section of a Drosophila polytene chromosome seen in thin section. 
Bands of very different thickness can be readily distinguished, separated by interbands, which contain less 
condensed chromatin. (A, adapted from D.V. Novikov, I. Kireev and A.S. Belmont, Nat. Methods 4:483– 485, 
2007. With permission from Macmillan Publishers Ltd; B, courtesy of Veikko Sorsa.)

• Studies Certain giant cells have grown to their 

enormous size though multiple cycles of DNA 
synthesis without cell division: 

• Polyploid (increased numbers of standard 
chromosomes).

Polytene Chromosomes Are Uniquely Useful for 
Visualizing Chromatin Structures 



• In several types of secretory cells in fly larvae, all 
the homologous chromosome copies are held side by 

side, like drinking straws in a box, creating single 

large ‘Polytene Chromosomes’.

•Polyteny has been most studied in the larval salivary 
gland cells of the fruit fly Drosophila.
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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.) 

Chromatin Loops Decondense When the Genes Within Them Are 
Expressed

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.) 



Chromatin Loops Decondense When the Genes Within Them Are 
Expressed

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.)

Chromatin Loops Decondense When the Genes Within Them Are 
Expressed

Chromatin Loops Decondense When the Genes Within Them Are 
Expressed

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.) 
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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.) 

• The position of a gene in the interior of the nucleus 
changes when it becomes highly expressed.

• Thus, a region that becomes very actively transcribed is 
often found to extend out of its chromosome territory, as if 
in an extended loop.

• The initiation of transcription, the first step in gene 
expression, requires the assembly of over 100 proteins, and 
it makes sense that this would occur most rapidly in regions 
of the nucleus particularly rich in these proteins.
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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.) 

Networks of Macromolecules Form a Set of Distinct Biochemical 
Environments inside the Nucleus

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). 
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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).

Mitotic Chromosomes Are Especially Highly Condensed

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.) 

Mitotic Chromosomes Are Especially Highly Condensed

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. 

Summary

Chromosomes are generally decondensed during interphase, so that 
the details of their structure are difficult to visualize. Notable 
exceptions are the specialized lampbrush chromosomes of 
vertebrate oocytes and the polytene chromosomes in the giant 
secretory cells of insects. Studies of these two types of interphase 
chromosomes suggest that each long DNA molecule in a 
chromosome is divided into a large number of discrete domains 
organized as loops of chromatin that are compacted by further 
folding. When genes contained in a loop are expressed, the loop 
unfolds and allows the cell’s machinery access to the DNA. 



Summary

Interphase chromosomes occupy discrete territories in the cell 
nucleus; that is, they are not extensively intertwined. Euchromatin 
makes up most of interphase chromosomes and, when not being 
transcribed, it probably exists as tightly folded fibers of compacted 
nucleosomes. However, euchromatin is interrupted by stretches of 
heterochromatin, in which the nucleosomes are subjected to 
additional packing that usually renders the DNA resistant to gene 
expression. Heterochromatin exists in several forms, some of which 
are found in large blocks in and around centromeres and near 
telomeres. But heterochromatin is also present at many other 
positions on chromosomes, where it can serve to help regulate 
developmentally important genes. 

Summary

The interior of the nucleus is highly dynamic, with heterochromatin 
often posi- tioned near the nuclear envelope and loops of chromatin 
moving away from their chromosome territory when genes are very 
highly expressed. This reflects the existence of nuclear 
subcompartments, where different sets of biochemical reactions are 
facilitated by an increased concentration of selected proteins and 
RNAs. The components involved in forming a subcompartment can 
self-assemble into discrete organelles such as nucleoli or Cajal 
bodies; they can also be tethered to fixed struc- tures such as the 
nuclear envelope. 

Summary

During mitosis, gene expression shuts down and all chromosomes 
adopt a highly condensed conformation in a process that begins 
early in M phase to pack- age the two DNA molecules of each 
replicated chromosome as two separately folded chromatids. The 
condensation is accompanied by histone modifications that facil- 
itate chromatin packing, but satisfactory completion of this orderly 
process, which reduces the end-to-end distance of each DNA 
molecule from its interphase length by an additional factor of ten, 
requires additional proteins. 

HOW GENOMES EVOLVE

• Genome Comparisons Reveal Functional DNA 
Sequences by their Conservation Throughout 
Evolution
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Figure 4–62 A representation of the nucleotide sequence content of the sequenced human genome. The LINEs 
(long interspersed nuclear elements), SINEs (short interspersed nuclear elements), retroviral-like elements, 
and DNA-only transposons are mobile genetic elements that have multiplied in our genome by replicating 
themselves and inserting the new copies in different positions. These mobile genetic elements are discussed in 
Chapter 5 (see Table 5–3, p. 267). Simple sequence repeats are short nucleotide sequences (less than 14 
nucleotide pairs) that are repeated again and again for long stretches. Segmental duplications are large blocks 
of DNA sequence (1000–200,000 nucleotide pairs) that are present at two or more locations in the genome. 
The most highly repeated blocks of DNA in heterochromatin have not yet been completely sequenced; 
therefore about 10% of human DNA sequences are not represented in this diagram. (Data courtesy of E. 
Margulies.)

Summary

Chromosomes are generally decondensed during interphase, so that 
the details of their structure are difficult to visualize. Notable 
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chromosomes suggest that each long DNA molecule in a 
chromosome is divided into a large number of discrete domains 
organized as loops of chromatin that are compacted by further 
folding. When genes contained in a loop are expressed, the loop 
unfolds and allows the cell’s machinery access to the DNA.
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highly expressed. This reflects the existence of nuclear 
subcompartments, where different sets of biochemical reactions are 
facilitated by an increased concentration of selected proteins and 
RNAs. The components involved in forming a subcompartment can 
self-assemble into discrete organelles such as nucleoli or Cajal 
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Summary

During mitosis, gene expression shuts down and all chromosomes 
adopt a highly condensed conformation in a process that begins 
early in M phase to pack- age the two DNA molecules of each 
replicated chromosome as two separately folded chromatids. The 
condensation is accompanied by histone modifications that facil- 
itate chromatin packing, but satisfactory completion of this orderly 
process, which reduces the end-to-end distance of each DNA 
molecule from its interphase length by an additional factor of ten, 
requires additional proteins. 
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Figure 4–63 A phylogenetic tree showing the relationship between humans and the great apes based on 
nucleotide sequence data. As indicated, the sequences of the genomes of all four species are estimated to differ 
from the sequence of the genome of their last common ancestor by a little over 1.5%. Because changes occur 
independently on both diverging lineages, pairwise comparisons reveal twice the sequence divergence from 
the last common ancestor. For example, human–orangutan comparisons typically show sequence divergences 
of a little over 3%, while human–chimpanzee comparisons show divergences of approximately 1.2%. 
(Modified from F.C. Chen and W.H. Li, Am. J. Hum. Genet. 68:444–456, 2001.)

The Genome Sequences of Two Species Differ in Proportion to the 
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The Genome Sequences of Two Species Differ in Proportion to the 
Length of Time Since They Have Separately Evolved

Figure 4–64 Tracing the ancestral sequence from a sequence comparison of the coding regions of human and 
chimpanzee leptin genes. Reading left to right and top to bottom, a continuous 300-nucleotide segment of a 
leptin-coding gene is illustrated. Leptin is a hormone that regulates food intake and energy utilization in 
response to the adequacy of fat reserves. As indicated by the codons boxed in green, only 5 nucleotides (of 
441 total) differ between the two species. Moreover, in only one of the five positions does the difference in 
nucleotide lead to a difference in the encoded amino acid. For each of the five variant nucleotide positions, the 
corresponding sequence in the gorilla is also indicated. In two cases, the gorilla sequence agrees with the 
human sequence, while in three cases it agrees with the chimpanzee sequence. What was the sequence of the 
leptin gene in the last common ancestor? The most economical assumption is that evolution has followed a 
pathway requiring the minimum number of mutations consistent with the data. Thus, it seems likely that the 
leptin sequence of the last common ancestor was the same as the human and chimpanzee sequences when they 
agree; when they disagree, the gorilla sequence would be used as a tiebreaker. For convenience, only the first 
300 nucleotides of the leptin-coding sequences are given. The remaining 141 are identical between humans 
and chimpanzees. 
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Figure 4–65 The very different rates of evolution of exons and introns, as illustrated by comparing a portion of 
the mouse and human leptin genes. Positions where the sequences differ by a single nucleotide substitution are 
boxed in green, and positions that differ by the addition or deletion of nucleotides are boxed in yellow. Note 
that, thanks to purifying selection, the coding sequence of the exon is much more conserved than is the 
adjacent intron sequence.

Phylogenetic Trees Constructed from a Comparison of DNA Sequences 
Trace the Relationships of All Organisms

Figure 4–66 A phylogenetic tree showing the evolutionary relationships of some present-day mammals. The 
length of each line is proportional to the number of “neutral substitutions”—that is, nucleotide changes at sites 
where there is assumed to be no purifying selection. (Adapted from G.M. Cooper et al., Genome Res. 15:901–
913, 2005. With permission from Cold Spring Harbor Laboratory Press.)
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Figure 4–67 Synteny between human and mouse chromosomes. In this diagram, the human chromosome set 
is shown above, with each part of each chromosome colored according to the mouse chromosome with which 
it is syntenic. The color coding used for each mouse chromosome is shown below. Heterochromatic highly 
repetitive regions (such as centromeres) that are difficult to sequence cannot be mapped in this way; these are 
colored black. (Adapted from E.E. Eichler and D. Sankoff, Science 301:793–797, 2003. With permission from 
AAAS.) 

A Comparison of Human and Mouse Chromosomes Shows How the 
Structures of Genomes Diverge

Figure 4–68 Comparison of a syntenic portion of mouse and human genomes. About 90% of the two genomes 
can be aligned in this way. Note that while there is an identical order of the matched index sequences (red 
marks), there has been a net loss of DNA in the mouse lineage that is interspersed throughout the entire 
region. This type of net loss is typical for all such regions, and it accounts for the fact that the mouse genome 
contains 14% less DNA than does the human genome. (Adapted from Mouse Genome Sequencing 
Consortium, Nature 420:520–562, 2002. With permission from Macmillan Publishers Ltd.) 

A Comparison of Human and Mouse Chromosomes Shows How the 
Structures of Genomes Diverge

Figure 4–69 A comparison of the ︎-globin gene cluster in the human and mouse genomes, showing the 
locations of transposable elements. This stretch of the human genome contains five functional β-globin-like 
genes (orange); the comparable region from the mouse genome has only four. The positions of the human Alu 
sequences are indicated by green circles, and the human L1 sequences by red circles. The mouse genome 
contains different but related transposable elements: the positions of B1 elements (which are related to the 
human Alu sequences) are indicated by blue triangles, and the positions of the mouse L1 elements (which are 
related to the human L1 sequences) are indicated by orange triangles. The absence of transposable elements 
from the globin structural genes can be attributed to purifying selection, which would have eliminated any 
insertion that compromised gene function. (Courtesy of Ross Hardison and Webb Miller.)
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Figure 4–70 The puffer fish, Fugu rubripes. (Courtesy of Byrappa Venkatesh.)

The Size of a Vertebrate Genome Reflects the Relative Rates of DNA 
Addition and DNA Loss in a Lineage

Figure 4–71 Comparison of the genomic sequences of the human and Fugu genes encoding the protein 
huntingtin. Both genes (indicated in red) contain 67 short exons that align in 1:1 correspondence to one 
another; these exons are connected by curved lines. The human gene is 7.5 times larger than the Fugu gene 
(180,000 versus 24,000 nucleotide pairs). The size difference is entirely due to larger introns in the human 
gene. The larger size of the human introns is due in part to the presence of retrotransposons (discussed in 
Chapter 5), whose positions are represented by green vertical lines; the Fugu introns lack retrotransposons. In 
humans, mutation of the huntingtin gene causes Huntington’s disease, an inherited neurodegenerative disorder. 
(Adapted from S. Baxendale et al., Nat. Genet. 10:67–76, 1995. With permission from Macmillan Publishers 
Ltd.)
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We Can Infer the Sequence of Some Ancient Genomes

Figure 4–72 The Neanderthals. (A) Map of Europe showing the location of the cave in Croatia where most of 
the bones used to isolate the DNA used to derive the Neanderthal genome sequence were discovered. (B) 
Photograph of the Vindija cave. (C) Photograph of the 38,000-year- old bones from Vindija. More recent 
studies have succeeded in extracting DNA sequence information from hominid remains that are considerably 
older (see Movie 8.3). (B, courtesy of Johannes Krause; C, from R.E. Green et al., Science 328: 710–722, 
2010. Reprinted with permission from AAAS.)
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Multispecies Sequence Comparisons Identify Conserved DNA 
Sequences of Unknown Function

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.) 
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Figure 4–74 The types of changes in gene regulation inferred to have predominated during the evolution of 
our vertebrate ancestors. To produce the information summarized in this plot, wherever possible the type of 
gene regulated by each conserved noncoding sequence was inferred from the identity of its closest protein-
coding gene. The fixation time for each conserved sequence was then used to derive the conclusions shown. 
(Based on C.B. Lowe et al., Science 333:1019–1024, 2011. With permission from AAAS.) 
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Source of Genetic Novelty During Evolution
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Figure 4–75 A comparison of the 
structure of one-chain and four-chain 
globins. The four-chain globin shown 
is hemoglobin, which is a complex of 
two α-globin and two β-globin chains. 
The one-chain globin present in some 
primitive vertebrates represents an 
intermediate in the evolution of the 
four-chain globin. With oxygen bound 
it exists as a monomer; without 
oxygen it dimerizes.

The Evolution of the Globin Gene Family Shows How DNA Duplications 
Contribute to the Evolution of Organisms

Figure 4–76 An evolutionary scheme for 
the globin chains that carry oxygen in the 
blood of animals. The scheme emphasizes 
the β-like globin gene family. A relatively 
recent gene duplication of the GA γ-chain 
gene produced γ and γ , which are fetal β-
like chains of identical function. The 
location of the globin genes in the human 
genome is shown at the top of the figure. 
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Figure 4–77 Schematic view of an antibody (immunoglobulin) molecule. This molecule is a complex of two 
identical heavy chains and two identical light chains. Each heavy chain contains four similar, covalently 
linked domains, while each light chain contains two such domains. Each domain is encoded by a separate 
exon, and all of the exons are thought to have evolved by the serial duplication of a single ancestral exon. 
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Figure 4–78 How founder effects determine the set of genetic variants in a population of individuals 
belonging to the same species. This example illustrates how a rare allele (red) can become established in an 
isolated population, even though the mutation that produced it has no selective advantage—or is mildly 
deleterious. 
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Figure 4–79 Tracing the course of human history by analyses of genome sequences. The map shows the 
routes of the earliest successful human migrations. Dotted lines indicate two alternative routes that our 
ancestors are thought to have taken out of Africa. DNA sequence comparisons suggest that modern Europeans 
descended from a small ancestral population that existed about 30,000 to 50,000 years ago. In agreement, 
archaeological findings suggest that the ancestors of modern native Australians (solid red arrows)—and of 
modern European and Middle Eastern populations—reached their destinations about 45,000 years ago. Even 
more recent studies, comparing the genome sequences of living humans with those of Neanderthals and 
another extinct population from southern Siberia (the Denisovans), suggest that our exit from Africa was a bit 
more convoluted, while also revealing that a number of our ancestors interbred with these hominid neighbors 
as they made their way across the globe. (Modified from P. Forster and S. Matsumura, Science 308:965–966, 
2005.)

A Great Deal Can Be Learned from Analyses of the Variation Among 
Humans

Figure 4–80 Detection of copy number variations on human chromosome 17. When 100 individuals were 
tested by a DNA microarray analysis that detects the copy number of DNA sequences throughout the entire 
length of this chromosome, the indicated distributions of DNA additions (green bars) and DNA losses (red 
bars) were observed compared with an arbitrary human reference sequence. The shortest red and green bars 
represent a single occurrence among the 200 chromosomes examined, whereas the longer bars indicate that 
the addition or loss was correspondingly more frequent. The results show preferred regions where the 
variations occur, and these tend to be in or near regions that already contain blocks of segmental duplications. 
Many of the changes include known genes. (Adapted from J.L. Freeman et al., Genome Res. 16:949–961, 
2006. With permission from Cold Spring Harbor Laboratory Press.) 

A Great Deal Can Be Learned from Analyses of the Variation Among 
Humans
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Summary

Comparisons of the nucleotide sequences of present-day genomes 
have revolution- ized our understanding of gene and genome 
evolution. Because of the extremely high fidelity of DNA replication 
and DNA repair processes, random errors in maintaining the 
nucleotide sequences in genomes occur so rarely that only about one 
nucleotide in a thousand is altered in every million years in any 
particular eukary- otic line of descent. Not surprisingly, therefore, a 
comparison of human and chimpanzee chromosomes—which are 
separated by about 6 million years of evolution— reveals very few 
changes. Not only are our genes essentially the same, but their order 
on each chromosome is almost identical. Although a substantial 
number of seg- mental duplications and segmental deletions have 
occurred in the past 6 million years, even the positions of the 
transposable elements that make up a major portion of our 
noncoding DNA are mostly unchanged. 

Summary

When one compares the genomes of two more distantly related organisms
—such as a human and a mouse, separated by about 80 million years—
one finds many more changes. Now the effects of natural selection can be 
clearly seen: through purifying selection, essential nucleotide sequences
—both in regulatory regions and in coding sequences (exons)—have 
been highly conserved. In contrast, nonessential sequences (for example, 
much of the DNA in introns) have been altered to such an extent that one 
can no longer see any family resemblance. 

Because of purifying selection, the comparison of the genome sequences 
of multiple related species is an especially powerful way to find DNA 
sequences with important functions. Although about 5% of the human 
genome has been conserved as a result of purifying selection, the 
function of the majority of this DNA (tens of thousands of multispecies 
conserved sequences) remains mysterious. Future exper- iments 
characterizing its functions should teach us many new lessons about 
vertebrate biology. 

Summary

Other sequence comparisons show that a great deal of the genetic 
complexity of present-day organisms is due to the expansion of 
ancient gene families. DNA duplication followed by sequence 
divergence has clearly been a major source of genetic novelty 
during evolution. On a more recent time scale, the genomes of any 
two humans will differ from each other both because of nucleotide 
substitutions (single nucleotide polymorphisms, or SNPs) and 
because of inherited DNA gains and DNA losses that cause copy 
number variations (CNVs). Understanding the effects of these 
differences will improve both medicine and our understanding of 
human biology. 


