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General information about this course

• Slides and lectures are in English - with notes


• Reference Books are Molecular Biology of the Cell (chapters 4-9) and 
Biology, both available at the library - not needed


• Images are primarily from both books


• All references available upon request


• Background is Biology I with some overlap 

• Questions: during the break


• Interesting resources: https://www.biointeractive.org/classroom-
resources
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General information about this course

• Exam (English) on lectures+exercise material; with open book (only slides 
and notes), similar to exercises


• multiple choices


• TRUE or FALSE


• Questions/Feedback during the break 


• Interactive quizz during the course: please participate


• Student’s reps?
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• Every Wednesday on Moodle:


• Slides for the next class (material is new this year !)


• Exercises for the next session


• Answers to last week’s exercises

General information about this course



Exercise sessions with TAs

• Exercises (English): Mondays 17.15-19.00


• Room CE1100 : students A-F (last name) 


• Room CE1101 : students G-O (last name)


• Room CE1105: students P-Z (last name)


• Do attend the exercise sessions as they prepare you for the exam ! 
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Let’s make this a great experience
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• I show up on time


• I prepare my classes so they are (hopefully) enjoyable


• I am open to feedback

• You show up on time/listen to the class


• You participate to the class when needed


• You provide me with feedback when necessary



General objectives of this course

• Understand DNA organization, gene expression and protein function


• General principles and experimental approaches
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Now, let’s start!
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Now, let’s start!

• Brief introduction on Biology basics


• The structure and function of DNA


• Chromosomal DNA and its packaging into chromatin


• The effect of chromatin structure on DNA function

11



Brief introduction on Biology basics
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• Living organisms are diverse


• They are all made of cells


• Membrane-enclosed units


• Filled with a concentrated aqueous solution of chemicals


• Ability to grow and divide in two


• All cells store their hereditary information in the same chemical linear code: DNA



What is DNA ?
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  3

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

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



DNA replication
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• All cells replicate their DNA by templated polymerization
4 Chapter 1:  Cells and Genomes

existing strand bind to bases of the strand being synthesized, according to a strict 
rule de!ned by the complementary structures of the bases: A binds to T, and C 
binds to G. "is base-pairing holds fresh monomers in place and thereby con-
trols the selection of which one of the four monomers shall be added to the grow-
ing strand next. In this way, a double-stranded structure is created, consisting of 
two exactly complementary sequences of As, Cs, Ts, and Gs. "e two strands twist 
around each other, forming a DNA double helix (Figure 1–2E). 

"e bonds between the base pairs are weak compared with the sugar-phos-
phate links, and this allows the two DNA strands to be pulled apart without break-
age of their backbones. Each strand then can serve as a template, in the way just 
described, for the synthesis of a fresh DNA strand complementary to itself—a 
fresh copy, that is, of the hereditary information (Figure 1–3). In di#erent types 
of cells, this process of DNA replication occurs at di#erent rates, with di#erent 
controls to start it or stop it, and di#erent auxiliary molecules to help it along. But 
the basics are universal: DNA is the information store for heredity, and templated 
polymerization is the way in which this information is copied throughout the liv-
ing world.

All Cells Transcribe Portions of Their Hereditary Information into 
the Same Intermediary Form: RNA 
To carry out its information-bearing function, DNA must do more than copy itself. 
It must also express its information, by letting the information guide the synthesis 
of other molecules in the cell. "is expression occurs by a mechanism that is the 
same in all living organisms, leading !rst and foremost to the production of two 
other key classes of polymers: RNAs and proteins. "e process (discussed in detail 
in Chapters 6 and 7) begins with a templated polymerization called transcription, 
in which segments of the DNA sequence are used as templates for the synthe-
sis of shorter molecules of the closely related polymer ribonucleic acid, or RNA. 
Later, in the more complex process of translation, many of these RNA molecules 
direct the synthesis of polymers of a radically di#erent chemical class—the pro-
teins (Figure 1–4).

In RNA, the backbone is formed of a slightly di#erent sugar from that of DNA—
ribose instead of deoxyribose—and one of the four bases is slightly di#erent—ura-
cil (U) in place of thymine (T). But the other three bases—A, C, and G—are the 
same, and all four bases pair with their complementary counterparts in DNA—the 
A, U, C, and G of RNA with the T, A, G, and C of DNA. During transcription, the 
RNA monomers are lined up and selected for polymerization on a template strand 
of DNA, just as DNA monomers are selected during replication. "e outcome is a 
polymer molecule whose sequence of nucleotides faithfully represents a portion 
of the cell’s genetic information, even though it is written in a slightly di#erent 
alphabet—consisting of RNA monomers instead of DNA monomers. 

"e same segment of DNA can be used repeatedly to guide the synthesis of 
many identical RNA molecules. "us, whereas the cell’s archive of genetic infor-
mation in the form of DNA is !xed and sacrosanct, these RNA transcripts are 
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Figure 1–3 The copying of genetic 
information by DNA replication. In this 
process, the two strands of a DNA double 
helix are pulled apart, and each serves 
as a template for synthesis of a new 
complementary strand.
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Figure 1–4 From DNA to protein. 
Genetic information is read out and put 
to use through a two-step process. First, 
in transcription, segments of the DNA 
sequence are used to guide the synthesis 
of molecules of RNA. Then, in translation, 
the RNA molecules are used to guide the 
synthesis of molecules of protein.



Transcription
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• All cells transcribe portions of their DNA into RNA

4 Chapter 1:  Cells and Genomes

existing strand bind to bases of the strand being synthesized, according to a strict 
rule de!ned by the complementary structures of the bases: A binds to T, and C 
binds to G. "is base-pairing holds fresh monomers in place and thereby con-
trols the selection of which one of the four monomers shall be added to the grow-
ing strand next. In this way, a double-stranded structure is created, consisting of 
two exactly complementary sequences of As, Cs, Ts, and Gs. "e two strands twist 
around each other, forming a DNA double helix (Figure 1–2E). 

"e bonds between the base pairs are weak compared with the sugar-phos-
phate links, and this allows the two DNA strands to be pulled apart without break-
age of their backbones. Each strand then can serve as a template, in the way just 
described, for the synthesis of a fresh DNA strand complementary to itself—a 
fresh copy, that is, of the hereditary information (Figure 1–3). In di#erent types 
of cells, this process of DNA replication occurs at di#erent rates, with di#erent 
controls to start it or stop it, and di#erent auxiliary molecules to help it along. But 
the basics are universal: DNA is the information store for heredity, and templated 
polymerization is the way in which this information is copied throughout the liv-
ing world.

All Cells Transcribe Portions of Their Hereditary Information into 
the Same Intermediary Form: RNA 
To carry out its information-bearing function, DNA must do more than copy itself. 
It must also express its information, by letting the information guide the synthesis 
of other molecules in the cell. "is expression occurs by a mechanism that is the 
same in all living organisms, leading !rst and foremost to the production of two 
other key classes of polymers: RNAs and proteins. "e process (discussed in detail 
in Chapters 6 and 7) begins with a templated polymerization called transcription, 
in which segments of the DNA sequence are used as templates for the synthe-
sis of shorter molecules of the closely related polymer ribonucleic acid, or RNA. 
Later, in the more complex process of translation, many of these RNA molecules 
direct the synthesis of polymers of a radically di#erent chemical class—the pro-
teins (Figure 1–4).

In RNA, the backbone is formed of a slightly di#erent sugar from that of DNA—
ribose instead of deoxyribose—and one of the four bases is slightly di#erent—ura-
cil (U) in place of thymine (T). But the other three bases—A, C, and G—are the 
same, and all four bases pair with their complementary counterparts in DNA—the 
A, U, C, and G of RNA with the T, A, G, and C of DNA. During transcription, the 
RNA monomers are lined up and selected for polymerization on a template strand 
of DNA, just as DNA monomers are selected during replication. "e outcome is a 
polymer molecule whose sequence of nucleotides faithfully represents a portion 
of the cell’s genetic information, even though it is written in a slightly di#erent 
alphabet—consisting of RNA monomers instead of DNA monomers. 

"e same segment of DNA can be used repeatedly to guide the synthesis of 
many identical RNA molecules. "us, whereas the cell’s archive of genetic infor-
mation in the form of DNA is !xed and sacrosanct, these RNA transcripts are 
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Figure 1–3 The copying of genetic 
information by DNA replication. In this 
process, the two strands of a DNA double 
helix are pulled apart, and each serves 
as a template for synthesis of a new 
complementary strand.
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Figure 1–4 From DNA to protein. 
Genetic information is read out and put 
to use through a two-step process. First, 
in transcription, segments of the DNA 
sequence are used to guide the synthesis 
of molecules of RNA. Then, in translation, 
the RNA molecules are used to guide the 
synthesis of molecules of protein.
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mass-produced and disposable (Figure 1–5). As we shall see, these transcripts 
function as intermediates in the transfer of genetic information. Most notably, 
they serve as messenger RNA (mRNA) molecules that guide the synthesis of pro-
teins according to the genetic instructions stored in the DNA. 

RNA molecules have distinctive structures that can also give them other spe-
cialized chemical capabilities. Being single-stranded, their backbone is !exible, 
so that the polymer chain can bend back on itself to allow one part of the molecule 
to form weak bonds with another part of the same molecule. "is occurs when 
segments of the sequence are locally complementary: a ...GGGG... segment, for 
example, will tend to associate with a ...CCCC... segment. "ese types of internal 
associations can cause an RNA chain to fold up into a speci#c shape that is dic-
tated by its sequence (Figure 1–6). "e shape of the RNA molecule, in turn, may 
enable it to recognize other molecules by binding to them selectively—and even, 
in certain cases, to catalyze chemical changes in the molecules that are bound. In 
fact, some chemical reactions catalyzed by RNA molecules are crucial for several 
of the most ancient and fundamental processes in living cells, and it has been sug-
gested that an extensive catalysis by RNA played a central part in the early evolu-
tion of life (discussed in Chapter 6).

All Cells Use Proteins as Catalysts
Protein molecules, like DNA and RNA molecules, are long unbranched polymer 
chains, formed by stringing together monomeric building blocks drawn from a 
standard repertoire that is the same for all living cells. Like DNA and RNA, pro-
teins carry information in the form of a linear sequence of symbols, in the same 
way as a human message written in an alphabetic script. "ere are many di$erent 
protein molecules in each cell, and—leaving out the water—they form most of the 
cell’s mass.

THE UNIVERSAL FEATURES OF CELLS ON EARTH
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Figure 1–5 How genetic information 
is broadcast for use inside the cell. 
Each cell contains a fixed set of DNA 
molecules—its archive of genetic 
information. A given segment of this DNA 
guides the synthesis of many identical RNA 
transcripts, which serve as working copies 
of the information stored in the archive. 
Many different sets of RNA molecules can 
be made by transcribing different parts of 
a cell’s DNA sequences, allowing different 
types of cells to use the same information 
store differently.

Figure 1–6 The conformation of an 
RNA molecule. (A) Nucleotide pairing 
between different regions of the same 
RNA polymer chain causes the molecule 
to adopt a distinctive shape. (B) The 
three-dimensional structure of an actual 
RNA molecule produced by hepatitis delta 
virus; this RNA can catalyze RNA strand 
cleavage. The blue ribbon represents the 
sugar-phosphate backbone and the bars 
represent base pairs (see Movie 6.1).  
(B, based on A.R. Ferré-D’Amaré, K. Zhou, 
and J.A. Doudna, Nature 395:567–574, 
1998. With permission from Macmillan  
Publishers Ltd.)
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• All cells translate RNA into proteins the same way

4 Chapter 1:  Cells and Genomes

existing strand bind to bases of the strand being synthesized, according to a strict 
rule de!ned by the complementary structures of the bases: A binds to T, and C 
binds to G. "is base-pairing holds fresh monomers in place and thereby con-
trols the selection of which one of the four monomers shall be added to the grow-
ing strand next. In this way, a double-stranded structure is created, consisting of 
two exactly complementary sequences of As, Cs, Ts, and Gs. "e two strands twist 
around each other, forming a DNA double helix (Figure 1–2E). 

"e bonds between the base pairs are weak compared with the sugar-phos-
phate links, and this allows the two DNA strands to be pulled apart without break-
age of their backbones. Each strand then can serve as a template, in the way just 
described, for the synthesis of a fresh DNA strand complementary to itself—a 
fresh copy, that is, of the hereditary information (Figure 1–3). In di#erent types 
of cells, this process of DNA replication occurs at di#erent rates, with di#erent 
controls to start it or stop it, and di#erent auxiliary molecules to help it along. But 
the basics are universal: DNA is the information store for heredity, and templated 
polymerization is the way in which this information is copied throughout the liv-
ing world.

All Cells Transcribe Portions of Their Hereditary Information into 
the Same Intermediary Form: RNA 
To carry out its information-bearing function, DNA must do more than copy itself. 
It must also express its information, by letting the information guide the synthesis 
of other molecules in the cell. "is expression occurs by a mechanism that is the 
same in all living organisms, leading !rst and foremost to the production of two 
other key classes of polymers: RNAs and proteins. "e process (discussed in detail 
in Chapters 6 and 7) begins with a templated polymerization called transcription, 
in which segments of the DNA sequence are used as templates for the synthe-
sis of shorter molecules of the closely related polymer ribonucleic acid, or RNA. 
Later, in the more complex process of translation, many of these RNA molecules 
direct the synthesis of polymers of a radically di#erent chemical class—the pro-
teins (Figure 1–4).

In RNA, the backbone is formed of a slightly di#erent sugar from that of DNA—
ribose instead of deoxyribose—and one of the four bases is slightly di#erent—ura-
cil (U) in place of thymine (T). But the other three bases—A, C, and G—are the 
same, and all four bases pair with their complementary counterparts in DNA—the 
A, U, C, and G of RNA with the T, A, G, and C of DNA. During transcription, the 
RNA monomers are lined up and selected for polymerization on a template strand 
of DNA, just as DNA monomers are selected during replication. "e outcome is a 
polymer molecule whose sequence of nucleotides faithfully represents a portion 
of the cell’s genetic information, even though it is written in a slightly di#erent 
alphabet—consisting of RNA monomers instead of DNA monomers. 

"e same segment of DNA can be used repeatedly to guide the synthesis of 
many identical RNA molecules. "us, whereas the cell’s archive of genetic infor-
mation in the form of DNA is !xed and sacrosanct, these RNA transcripts are 
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Figure 1–3 The copying of genetic 
information by DNA replication. In this 
process, the two strands of a DNA double 
helix are pulled apart, and each serves 
as a template for synthesis of a new 
complementary strand.
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Figure 1–4 From DNA to protein. 
Genetic information is read out and put 
to use through a two-step process. First, 
in transcription, segments of the DNA 
sequence are used to guide the synthesis 
of molecules of RNA. Then, in translation, 
the RNA molecules are used to guide the 
synthesis of molecules of protein.



What are proteins?
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Proteins are


• Long polymers of amino acids (20 types) = polypeptide


• Important 3D structure linked to a function


• Can act as enzymes, structure, generation movement, sensing signals,…
6 Chapter 1:  Cells and Genomes

!e monomers of protein, the amino acids, are quite di"erent from those of 
DNA and RNA, and there are 20 types instead of 4. Each amino acid is built around 
the same core structure through which it can be linked in a standard way to any 
other amino acid in the set; attached to this core is a side group that gives each 
amino acid a distinctive chemical character. Each of the protein molecules is a 
polypeptide, created by joining its amino acids in a particular sequence. !rough 
billions of years of evolution, this sequence has been selected to give the protein a 
useful function. !us, by folding into a precise three-dimensional form with reac-
tive sites on its surface (Figure 1–7A), these amino-acid polymers can bind with 
high speci#city to other molecules and can act as enzymes to catalyze reactions 
that make or break covalent bonds. In this way they direct the vast majority of 
chemical processes in the cell (Figure 1–7B). 

Proteins have many other functions as well—maintaining structures, generat-
ing movements, sensing signals, and so on—each protein molecule performing 
a speci#c function according to its own genetically speci#ed sequence of amino 
acids. Proteins, above all, are the main molecules that put the cell’s genetic infor-
mation into action. 

!us, polynucleotides specify the amino acid sequences of proteins. Proteins, 
in turn, catalyze many chemical reactions, including those by which new DNA 
molecules are synthesized. From the most fundamental point of view, a living cell 
is a self-replicating collection of catalysts that takes in food, processes this food 
to derive both the building blocks and energy needed to make more catalysts, 
and discards the materials left over as waste (Figure 1–8A). A feedback loop that 
connects proteins and polynucleotides forms the basis for this autocatalytic, self-
reproducing behavior of living organisms (Figure 1–8B).

All Cells Translate RNA into Protein in the Same Way
How the information in DNA speci#es the production of proteins was a com-
plete mystery in the 1950s when the double-stranded structure of DNA was #rst 
revealed as the basis of heredity. But in the intervening years, scientists have dis-
covered the elegant mechanisms involved. !e translation of genetic information 
from the 4-letter alphabet of polynucleotides into the 20-letter alphabet of pro-
teins is a complex process. !e rules of this translation seem in some respects 
neat and rational but in other respects strangely arbitrary, given that they are 
(with minor exceptions) identical in all living things. !ese arbitrary features, it 
is thought, re$ect frozen accidents in the early history of life. !ey stem from the 
chance properties of the earliest organisms that were passed on by heredity and 
have become so deeply embedded in the constitution of all living cells that they 
cannot be changed without disastrous e"ects.

(A) lysozyme
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Figure 1–7 How a protein molecule acts as a catalyst for a chemical reaction. (A) In a protein 
molecule, the polymer chain folds up into a specific shape defined by its amino acid sequence. A 
groove in the surface of this particular folded molecule, the enzyme lysozyme, forms a catalytic site.  
(B) A polysaccharide molecule (red)—a polymer chain of sugar monomers—binds to the catalytic site of 
lysozyme and is broken apart, as a result of a covalent bond-breaking reaction catalyzed by the amino 
acids lining the groove (see Movie 3.9). (PDB code: 1LYD.)



Plan

• Brief introduction on Biology basics


• The structure and function of DNA


• Chromosomal DNA and its packaging into chromatin


• The effect of chromatin structure on DNA function
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The structure of DNA
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• DNA is passed from one cell to its daughter cells at cell division


• Instructions are stored as genes, which define the characteristics of a species


• In the 1940s, it was difficult to imagine that a molecule as simple as DNA could be the genetic material


• In the 1950s, x-ray diffraction analysis showed it had two strands and formed a helix


• 1953: model of DNA by Watson and Crick



The structure of DNA
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• DNA = Deoxyribonucleic Acid


• Nucleotides are the building blocks of DNA


• Nucleotides are formed by a sugar (deoxyribose) linked to a 
phosphate group and a nitrogen-containing base (adenine, 
cytosine, guanine, thymine)


• Covalent link to form the sugar-phosphate backbone = DNA 
strand


• Two long polynucleotide chains 


• Antiparallel to each other (5’ end and 3’ end can be 
distinguished)


• Linked by hydrogen bonds

176 Chapter 4:  DNA, Chromosomes, and Genomes

information-carrying capacity, the chain of nucleotides in a DNA strand, being 
both directional and linear, can be read in much the same way as the letters on 
this page.

!e three-dimensional structure of DNA—the DNA double helix—arises from 
the chemical and structural features of its two polynucleotide chains. Because 
these two chains are held together by hydrogen-bonding between the bases on 
the di"erent strands, all the bases are on the inside of the double helix, and the 
sugar-phosphate backbones are on the outside (see Figure 4–3). In each case, a 
bulkier two-ring base (a purine; see Panel 2–6, pp. 100–101) is paired with a sin-
gle-ring base (a pyrimidine): A always pairs with T, and G with C (Figure 4–4). 
!is complementary base-pairing enables the base pairs to be packed in the ener-
getically most favorable arrangement in the interior of the double helix. In this 
arrangement, each base pair is of similar width, thus holding the sugar-phosphate 
backbones a constant distance apart along the DNA molecule. To maximize the 
e#ciency of base-pair packing, the two sugar-phosphate backbones wind around 
each other to form a right-handed double helix, with one complete turn every ten 
base pairs (Figure 4–5).

!e members of each base pair can $t together within the double helix only 
if the two strands of the helix are antiparallel—that is, only if the polarity of one 
strand is oriented opposite to that of the other strand (see Figures 4–3 and 4–4). 
A consequence of DNA’s structure and base-pairing requirements is that each 
strand of a DNA molecule contains a sequence of nucleotides that is exactly com-
plementary to the nucleotide sequence of its partner strand. 
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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.
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• A pairs with T; and G with C


• 2-ring base = purine


• 1-ring base = pyrimidine
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The Structure of DNA Provides a Mechanism for Heredity
!e discovery of the structure of DNA immediately suggested answers to the two 
most fundamental questions about heredity. First, how could the information to 
specify an organism be carried in a chemical form? And second, how could this 
information be duplicated and copied from generation to generation?

!e answer to the "rst question came from the realization that DNA is a linear 
polymer of four di#erent kinds of monomer, strung out in a de"ned sequence like 
the letters of a document written in an alphabetic script.

!e answer to the second question came from the double-stranded nature of 
the structure: because each strand of DNA contains a sequence of nucleotides 
that is exactly complementary to the nucleotide sequence of its partner strand, 
each strand can act as a template, or mold, for the synthesis of a new complemen-
tary strand. In other words, if we designate the two DNA strands as S and Sʹ, strand 
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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.
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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.  
(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.
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• The two backbones wind around each other to form a helix with a turn per 10 base pairs
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The Structure of DNA Provides a Mechanism for Heredity
!e discovery of the structure of DNA immediately suggested answers to the two 
most fundamental questions about heredity. First, how could the information to 
specify an organism be carried in a chemical form? And second, how could this 
information be duplicated and copied from generation to generation?

!e answer to the "rst question came from the realization that DNA is a linear 
polymer of four di#erent kinds of monomer, strung out in a de"ned sequence like 
the letters of a document written in an alphabetic script.

!e answer to the second question came from the double-stranded nature of 
the structure: because each strand of DNA contains a sequence of nucleotides 
that is exactly complementary to the nucleotide sequence of its partner strand, 
each strand can act as a template, or mold, for the synthesis of a new complemen-
tary strand. In other words, if we designate the two DNA strands as S and Sʹ, strand 
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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.
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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.  
(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.
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S can serve as a template for making a new strand Sʹ, while strand Sʹ can serve as a 
template for making a new strand S (Figure 4–6). !us, the genetic information in 
DNA can be accurately copied by the beautifully simple process in which strand 
S separates from strand Sʹ, and each separated strand then serves as a template 
for the production of a new complementary partner strand that is identical to its 
former partner.

!e ability of each strand of a DNA molecule to act as a template for producing 
a complementary strand enables a cell to copy, or replicate, its genome before 
passing it on to its descendants. We shall describe the elegant machinery that the 
cell uses to perform this task in Chapter 5.

Organisms di"er from one another because their respective DNA molecules 
have di"erent nucleotide sequences and, consequently, carry di"erent biological 
messages. But how is the nucleotide alphabet used to make messages, and what 
do they spell out?

As discussed above, it was known well before the structure of DNA was deter-
mined that genes contain the instructions for producing proteins. If genes are 
made of DNA, the DNA must therefore somehow encode proteins (Figure 4–7). 
As discussed in Chapter 3, the properties of a protein, which are responsible for its 
biological function, are determined by its three-dimensional structure. !is struc-
ture is determined in turn by the linear sequence of the amino acids of which it is 
composed. !e linear sequence of nucleotides in a gene must therefore somehow 
spell out the linear sequence of amino acids in a protein. !e exact correspon-
dence between the four-letter nucleotide alphabet of DNA and the twenty-letter 
amino acid alphabet of proteins—the genetic code—is not at all obvious from the 
DNA structure, and it took over a decade after the discovery of the double helix 
before it was worked out. In Chapter 6, we will describe this code in detail in the 
course of elaborating the process of gene expression, through which a cell converts 
the nucleotide sequence of a gene #rst into the nucleotide sequence of an RNA 
molecule, and then into the amino acid sequence of a protein.

!e complete store of information in an organism’s DNA is called its genome, 
and it speci#es all the RNA molecules and proteins that the organism will ever 
synthesize. (!e term genome is also used to describe the DNA that carries this 
information.) !e amount of information contained in genomes is staggering. !e 
nucleotide sequence of a very small human gene, written out in the four-letter 
nucleotide alphabet, occupies a quarter of a page of text (Figure 4–8), while the 
complete sequence of nucleotides in the human genome would #ll more than a 
thousand books the size of this one. In addition to other critical information, it 
includes roughly 21,000 protein-coding genes, which (through alternative splic-
ing; see p. 415) give rise to a much greater number of distinct proteins.

In Eukaryotes, DNA Is Enclosed in a Cell Nucleus
As described in Chapter 1, nearly all the DNA in a eukaryotic cell is sequestered in 
a nucleus, which in many cells occupies about 10% of the total cell volume. !is 
compartment is delimited by a nuclear envelope formed by two concentric lipid 

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. 
In this way, double-helical DNA can be 
copied precisely, with each parental DNA 
helix producing two identical daughter DNA 
helices.

parental DNA double helix

template S strand

template S′ strand

new S′ strand

new S strand

5′ 3′

3′ 5′

5′ 3′

3′ 5′

5′ 3′

3′ 5′

S strand

S′ strand

daughter DNA double helices

MBoC6 m4.08/4.08

GENE
EXPRESSION

gene A

protein A protein B protein C

gene B gene C

DNA
double
helix

MBoC6 m4.06/4.06

Figure 4–7 The relationship between 
genetic information carried in DNA and 
proteins. (Discussed in Chapter 1.)
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• Genes encode the information to make proteins


• If genes are made of DNA, DNA can be somehow turned into proteins


• Genetic code: correspondance between DNA and amino-acid


• The complete store of information of an organism is called genome
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S can serve as a template for making a new strand Sʹ, while strand Sʹ can serve as a 
template for making a new strand S (Figure 4–6). !us, the genetic information in 
DNA can be accurately copied by the beautifully simple process in which strand 
S separates from strand Sʹ, and each separated strand then serves as a template 
for the production of a new complementary partner strand that is identical to its 
former partner.

!e ability of each strand of a DNA molecule to act as a template for producing 
a complementary strand enables a cell to copy, or replicate, its genome before 
passing it on to its descendants. We shall describe the elegant machinery that the 
cell uses to perform this task in Chapter 5.

Organisms di"er from one another because their respective DNA molecules 
have di"erent nucleotide sequences and, consequently, carry di"erent biological 
messages. But how is the nucleotide alphabet used to make messages, and what 
do they spell out?

As discussed above, it was known well before the structure of DNA was deter-
mined that genes contain the instructions for producing proteins. If genes are 
made of DNA, the DNA must therefore somehow encode proteins (Figure 4–7). 
As discussed in Chapter 3, the properties of a protein, which are responsible for its 
biological function, are determined by its three-dimensional structure. !is struc-
ture is determined in turn by the linear sequence of the amino acids of which it is 
composed. !e linear sequence of nucleotides in a gene must therefore somehow 
spell out the linear sequence of amino acids in a protein. !e exact correspon-
dence between the four-letter nucleotide alphabet of DNA and the twenty-letter 
amino acid alphabet of proteins—the genetic code—is not at all obvious from the 
DNA structure, and it took over a decade after the discovery of the double helix 
before it was worked out. In Chapter 6, we will describe this code in detail in the 
course of elaborating the process of gene expression, through which a cell converts 
the nucleotide sequence of a gene #rst into the nucleotide sequence of an RNA 
molecule, and then into the amino acid sequence of a protein.

!e complete store of information in an organism’s DNA is called its genome, 
and it speci#es all the RNA molecules and proteins that the organism will ever 
synthesize. (!e term genome is also used to describe the DNA that carries this 
information.) !e amount of information contained in genomes is staggering. !e 
nucleotide sequence of a very small human gene, written out in the four-letter 
nucleotide alphabet, occupies a quarter of a page of text (Figure 4–8), while the 
complete sequence of nucleotides in the human genome would #ll more than a 
thousand books the size of this one. In addition to other critical information, it 
includes roughly 21,000 protein-coding genes, which (through alternative splic-
ing; see p. 415) give rise to a much greater number of distinct proteins.

In Eukaryotes, DNA Is Enclosed in a Cell Nucleus
As described in Chapter 1, nearly all the DNA in a eukaryotic cell is sequestered in 
a nucleus, which in many cells occupies about 10% of the total cell volume. !is 
compartment is delimited by a nuclear envelope formed by two concentric lipid 

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. 
In this way, double-helical DNA can be 
copied precisely, with each parental DNA 
helix producing two identical daughter DNA 
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parental DNA double helix

template S strand

template S′ strand

new S′ strand

new S strand

5′ 3′

3′ 5′

5′ 3′

3′ 5′

5′ 3′

3′ 5′

S strand

S′ strand

daughter DNA double helices

MBoC6 m4.08/4.08

GENE
EXPRESSION

gene A

protein A protein B protein C

gene B gene C

DNA
double
helix

MBoC6 m4.06/4.06

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



Plan

• Brief introduction on Biology basics


• The structure and function of DNA


• Chromosomal DNA and its packaging into chromatin


• The effect of chromatin structure on DNA function
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• In Eukaryotes, DNA is packed in a nucleus (10% of the volume of the cells), separated by nuclear 
envelope


• Nuclear envelope is a two concentric lipid bilayer membranes punctured by large nuclear pores


• Mammalian DNA is 2-3 m long but the nucleus has a diameter of ~ 10 um180 Chapter 4:  DNA, Chromosomes, and Genomes

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

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

With the exception of the gametes (eggs and sperm) and a few highly special-
ized cell types that cannot multiply and either lack DNA altogether (for example, 
red blood cells) or have replicated their DNA without completing cell division (for 
example, megakaryocytes), each human cell nucleus contains two copies of each 
chromosome, one inherited from the mother and one from the father. "e mater-
nal and paternal chromosomes of a pair are called homologous chromosomes 
(homologs). "e only nonhomologous chromosome pairs are the sex chromo-
somes in males, where a Y chromosome is inherited from the father and an X 
chromosome from the mother. "us, each human cell contains a total of 46 chro-
mosomes—22 pairs common to both males and females, plus two so-called sex 
chromosomes (X and Y in males, two Xs in females). "ese human chromosomes 
can be readily distinguished by “painting” each one a di#erent color using a tech-
nique based on DNA hybridization (Figure 4–10). In this method (described in 
detail in Chapter 8), a short strand of nucleic acid tagged with a $uorescent dye 
serves as a “probe” that picks out its complementary DNA sequence, lighting up 
the target chromosome at any site where it binds. Chromosome painting is most 
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Figure 4–9 A cross-sectional view of a typical cell nucleus. (A) Electron micrograph of a thin section through the nucleus of 
a human fibroblast. (B) Schematic drawing, showing that the nuclear envelope consists of two membranes, the outer one being 
continuous with the endoplasmic reticulum (ER) membrane (see also Figure 12–7). The space inside the endoplasmic reticulum 
(the ER lumen) is colored yellow; it is continuous with the space between the two nuclear membranes. The lipid bilayers of the 
inner and outer nuclear membranes are connected at each nuclear pore. A sheetlike network of intermediate filaments (brown) 
inside the nucleus forms the nuclear lamina (brown), providing mechanical support for the nuclear envelope (for details, see 
Chapter 12). The dark-staining heterochromatin contains specially condensed regions of DNA that will be discussed later. (A, 
courtesy of E.G. Jordan and J. McGovern.)
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• Level 1: DNA  - double helix


• Level 2: DNA and proteins form chromatin


• Level 3: Chromatin is condensed into chromosomes


• Each chromosome is a single long DNA molecule with 
proteins that pack it into the right structure 


• Chromosomes reach their highest level of compaction during 
mitosis


• Bacteria do not have a nucleus and typically have one 
chromosome (different from the ones in eukaryotes)
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complexes. Once this covering has been stripped away, each chromatid can be 
seen in electron micrographs to be organized into loops of chromatin emanating 
from a central sca!olding (Figure 4–60). Experiments using DNA hybridization 
to detect speci"c DNA sequences demonstrate that the order of visible features 
along a mitotic chromosome at least roughly re#ects the order of genes along the 
DNA molecule. Mitotic chromosome condensation can thus be thought of as the 
"nal level in the hierarchy of chromosome packaging (Figure 4–61).

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

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

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

Figure 4–61 Chromatin packing. This 
model shows some of the many levels 
of chromatin packing postulated to give 
rise to the highly condensed mitotic 
chromosome.
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• Prokaryotes:


• Circular DNA molecule


• Associated with a few proteins


• Inside the cell (no nucleus)


• Eukaryotes:


• Linear DNA molecules


• Large amount of proteins


• Inside the nucleus
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• Human cells (except gametes and highly-specialised cells like red-blood cells) have two copies of 
each chromosome (one from the father, one from the mother)


• The maternal and paternal chromosomes are called homologous chromosomes


• The sex chromosomes in males are non homologous


• Each human cell comprises 46 chromosomes: 22 pairs of autosomes and 2 sex chromosomes



Human chromosomes
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• Two DNA molecules produced during DNA replication, each 
called a sister chromatid


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

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

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

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

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

chromosome

centromere

chromatid

MBoC6 m4.70/4.57

Figure 4–59 A typical mitotic 
chromosome at metaphase. Each sister 
chromatid contains one of two identical 
sister DNA molecules generated earlier in 
the cell cycle by DNA replication (see also 
Figure 17–21).
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• During mitosis, genes are silenced


• Chromosomes are highly compacted with help of 
proteins (condensins and cohesins)


• The centromere is the region where the mitotic 
spindle will attach to the chromosomes to separate 
them in two cells

https://www.genome.gov/sites/default/files/media/images/tg/Metaphase.jpg
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• Chromosomes can be distinguished by “painting” or DNA hybridisation (see later)


• A short strand of nucleic acid with a fluorescent dye serves as a probe that binds a complementary DNA 
sequence


• The display of the 46 chromosomes at mitosis is called karyotype and is used to detect inherited chromosome 
abnormalities

  181CHROMOSOMAL DNA AND ITS PACKAGING IN THE CHROMATIN FIBER
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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.)
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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.)

frequently done at the stage in the cell cycle called mitosis, when chromosomes 
are especially compacted and easy to visualize (see below).

Another more traditional way to distinguish one chromosome from another 
is to stain them with dyes that reveal a striking and reproducible pattern of bands 
along each mitotic chromosome (Figure 4–11). !ese banding patterns presum-
ably re"ect variations in chromatin structure, but their basis is not well under-
stood. Nevertheless, the pattern of bands on each type of chromosome is unique, 
and it provided the initial means to identify and number each human chromo-
some reliably.

Human chromosomes
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• Genetic (trisomy) vs. Somatic diseases (cancer)

Chromosome aberrations

https://vcresearch.berkeley.edu/sites/default/files/news_images/karyograms670.jpg
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• Chromosomes carry genes = segments of DNA that contain 
the instructions to make particular proteins


• Some genes are RNA genes, with RNA as a final 
product


• Correlation between the complexity of an organism and 
its number of genes (~3K in bacteria vs. 30K in humans, 
incl. 21K coding for proteins)


• In multicellular organisms, large quantity of interspersed 
DNA between genes whose function is poorly understood 
- crucial for the control of gene expression = non-coding 
DNA
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!e display of the 46 human chromosomes at mitosis is called the human 
karyotype. If parts of chromosomes are lost or are switched between chromo-
somes, these changes can be detected either by changes in the banding patterns 
or—with greater sensitivity—by changes in the pattern of chromosome painting 
(Figure 4–12). Cytogeneticists use these alterations to detect inherited chromo-
some abnormalities and to reveal the chromosome rearrangements that occur in 
cancer cells as they progress to malignancy (discussed in Chapter 20).

Chromosomes Contain Long Strings of Genes
Chromosomes carry genes—the functional units of heredity. A gene is often 
de"ned as a segment of DNA that contains the instructions for making a particu-
lar protein (or a set of closely related proteins), but this de"nition is too narrow. 
Genes that code for protein are indeed the majority, and most of the genes with 
clear-cut mutant phenotypes fall under this heading. In addition, however, there 
are many “RNA genes”—segments of DNA that generate a functionally signi"cant 
RNA molecule, instead of a protein, as their "nal product. We shall say more about 
the RNA genes and their products later.

As might be expected, some correlation exists between the complexity of 
an organism and the number of genes in its genome (see Table 1–2, p. 29). For 
example, some simple bacteria have only 500 genes, compared to about 30,000 
for humans. Bacteria, archaea, and some single-celled eukaryotes, such as yeast, 
have concise genomes, consisting of little more than strings of closely packed 
genes. However, the genomes of multicellular plants and animals, as well as many 
other eukaryotes, contain, in addition to genes, a large quantity of interspersed 
DNA whose function is poorly understood (Figure 4–13). Some of this additional 
DNA is crucial for the proper control of gene expression, and this may in part 
explain why there is so much of it in multicellular organisms, whose genes have to 
be switched on and o# according to complicated rules during development (dis-
cussed in Chapters 7 and 21).

Di#erences in the amount of DNA interspersed between genes, far more than 
di#erences in numbers of genes, account for the astonishing variations in genome 
size that we see when we compare one species with another (see Figure 1–32). For 
example, the human genome is 200 times larger than that of the yeast Saccharo-
myces cerevisiae, but 30 times smaller than that of some plants and amphibians 
and 200 times smaller than that of a species of amoeba. Moreover, because of dif-
ferences in the amount of noncoding DNA, the genomes of closely related organ-
isms (bony "sh, for example) can vary several hundredfold in their DNA content, 
even though they contain roughly the same number of genes. Whatever the excess 
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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.)
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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).

https://www.ensembl.org/index.html
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• In 2004, full sequence of the human genome


• We see how genes are arranged within chromosomes


• Only 1.5% of DNA is coding for proteins


• ~50% is made of mobile DNA, inserted gradually over 
evolutionary time


• Average gene size is 27Kbp, which is long: introns 
(non-coding DNA) between exons (coding 
sequences)
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DNA may do, it seems clear that it is not a great handicap for a eukaryotic cell to 
carry a large amount of it. 

How the genome is divided into chromosomes also di!ers from one eukaryotic 
species to the next. For example, while the cells of humans have 46 chromosomes, 
those of some small deer have only 6, while those of the common carp contain 
over 100. Even closely related species with similar genome sizes can have very 
di!erent numbers and sizes of chromosomes (Figure 4–14). "us, there is no sim-
ple relationship between chromosome number, complexity of the organism, and 
total genome size. Rather, the genomes and chromosomes of modern-day species 
have each been shaped by a unique history of seemingly random genetic events, 
acted on by poorly understood selection pressures over long evolutionary times.

The Nucleotide Sequence of the Human Genome Shows How 
Our Genes Are Arranged 
With the publication of the full DNA sequence of the human genome in 2004, it 
became possible to see in detail how the genes are arranged along each of our 
chromosomes (Figure 4–15). It will be many decades before the information con-
tained in the human genome sequence is fully analyzed, but it has already stimu-
lated new experiments that have had major e!ects on the content of every chapter 
in this book.

CHROMOSOMAL DNA AND ITS PACKAGING IN THE CHROMATIN FIBER
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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.)
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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.)

Zooming into the chromosomes
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• A functional chromosome must be able to replicate, be separated and reliably partitioned into 
daughter cells at each division = cell cycle 


• During the Interphase, genes are expressed and chromosomes replicated; the two sister 
chromatids stay together


• At mitosis, chromosomes are condensed (= mitotic chromosomes)

  185

In addition to introns and exons, each gene is associated with regulatory DNA 
sequences, which are responsible for ensuring that the gene is turned on or o! at 
the proper time, expressed at the appropriate level, and only in the proper type of 
cell. In humans, the regulatory sequences for a typical gene are spread out over 
tens of thousands of nucleotide pairs. As would be expected, these regulatory 
sequences are much more compressed in organisms with concise genomes. We 
discuss how regulatory DNA sequences work in Chapter 7.

Research in the last decade has surprised biologists with the discovery that, 
in addition to 21,000 protein-coding genes, the human genome contains many 
thousands of genes that encode RNA molecules that do not produce proteins, but 
instead have a variety of other important functions. What is thus far known about 
these molecules will be presented in Chapters 6 and 7. Last, but not least, the 
nucleotide sequence of the human genome has revealed that the archive of infor-
mation needed to produce a human seems to be in an alarming state of chaos. As 
one commentator described our genome, “In some ways it may resemble your 
garage/bedroom/refrigerator/life: highly individualistic, but unkempt; little evi-
dence of organization; much accumulated clutter (referred to by the uninitiated 
as ‘junk’); virtually nothing ever discarded; and the few patently valuable items 
indiscriminately, apparently carelessly, scattered throughout.” We shall discuss 
how this is thought to have come about in the "nal sections of this chapter entitled 
“How Genomes Evolve.”

Each DNA Molecule That Forms a Linear Chromosome Must 
Contain a Centromere, Two Telomeres, and Replication Origins
To form a functional chromosome, a DNA molecule must be able to do more than 
simply carry genes: it must be able to replicate, and the replicated copies must be 
separated and reliably partitioned into daughter cells at each cell division. #is 
process occurs through an ordered series of stages, collectively known as the cell 
cycle, which provides for a temporal separation between the duplication of chro-
mosomes and their segregation into two daughter cells. #e cell cycle is brie$y 
summarized in Figure 4–17, and it is discussed in detail in Chapter 17. Brie$y, 
during a long interphase, genes are expressed and chromosomes are replicated, 
with the two replicas remaining together as a pair of sister chromatids. #rough-
out this time, the chromosomes are extended and much of their chromatin exists 
as long threads in the nucleus so that individual chromosomes cannot be easily 
distinguished. It is only during a much briefer period of mitosis that each chro-
mosome condenses so that its two sister chromatids can be separated and dis-
tributed to the two daughter nuclei. #e highly condensed chromosomes in a 
dividing cell are known as mitotic chromosomes (Figure 4–18). #is is the form 
in which chromosomes are most easily visualized; in fact, the images of chromo-
somes shown so far in the chapter are of chromosomes in mitosis. 

Each chromosome operates as a distinct structural unit: for a copy to be passed 
on to each daughter cell at division, each chromosome must be able to replicate, 
and the newly replicated copies must subsequently be separated and partitioned 
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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.
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• DNA molecules are highly condensed in chromosomes


• Proteins that coil and fold the DNA into higher levels of organization


• Chromosome structure is dynamic - they decondense for replication, gene expression or DNA repair


• Proteins that bind to DNA to form eukaryotic chromosomes are the histones and the non-histone chromosomal 
proteins


• Histones+ non-histone chromosomal proteins+DNA = chromatin

  187

DNA Molecules Are Highly Condensed in Chromosomes
All eukaryotic organisms have special ways of packaging DNA into chromosomes. 
For example, if the 48 million nucleotide pairs of DNA in human chromosome 
22 could be laid out as one long perfect double helix, the molecule would extend 
for about 1.5 cm if stretched out end to end. But chromosome 22 measures only 
about 2 μm in length in mitosis (see Figures 4–10 and 4–11), representing an end-
to-end compaction ratio of over 7000-fold. !is remarkable feat of compression 
is performed by proteins that successively coil and fold the DNA into higher and 
higher levels of organization. Although much less condensed than mitotic chro-
mosomes, the DNA of human interphase chromosomes is still tightly packed.

In reading these sections it is important to keep in mind that chromosome 
structure is dynamic. We have seen that each chromosome condenses to an 
extreme degree in the M phase of the cell cycle. Much less visible, but of enormous 
interest and importance, speci"c regions of interphase chromosomes decon-
dense to allow access to speci"c DNA sequences for gene expression, DNA repair, 
and replication—and then recondense when these processes are completed. !e 
packaging of chromosomes is therefore accomplished in a way that allows rapid 
localized, on-demand access to the DNA. In the next sections, we discuss the spe-
cialized proteins that make this type of packaging possible.

Nucleosomes Are a Basic Unit of Eukaryotic Chromosome 
Structure
!e proteins that bind to the DNA to form eukaryotic chromosomes are tradi-
tionally divided into two classes: the histones and the non-histone chromosomal 
proteins, each contributing about the same mass to a chromosome as the DNA. 
!e complex of both classes of protein with the nuclear DNA of eukaryotic cells is 
known as chromatin (Figure 4–20). 

Histones are responsible for the "rst and most basic level of chromosome 
packing, the nucleosome, a protein–DNA complex discovered in 1974. When 
interphase nuclei are broken open very gently and their contents examined under 
the electron microscope, most of the chromatin appears to be in the form of a 
"ber with a diameter of about 30 nm (Figure 4–21A). If this chromatin is sub-
jected to treatments that cause it to unfold partially, it can be seen under the elec-
tron microscope as a series of “beads on a string” (Figure 4–21B). !e string is 
DNA, and each bead is a “nucleosome core particle” that consists of DNA wound 
around a histone core (Movie 4.2).

!e structural organization of nucleosomes was determined after "rst isolat-
ing them from unfolded chromatin by digestion with particular enzymes (called 
nucleases) that break down DNA by cutting between the nucleosomes. After 
digestion for a short period, the exposed DNA between the nucleosome core par-
ticles, the linker DNA, is degraded. Each individual nucleosome core particle con-
sists of a complex of eight histone proteins—two molecules each of histones H2A, 
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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.
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• Histones are responsible for the first level of chromosome packing, the nucleosome


• “Beads on a string” structure
188 Chapter 4:  DNA, Chromosomes, and Genomes

H2B, H3, and H4—and double-stranded DNA that is 147 nucleotide pairs long. 
!e histone octamer forms a protein core around which the double-stranded DNA 
is wound (Figure 4–22).

!e region of linker DNA that separates each nucleosome core particle from 
the next can vary in length from a few nucleotide pairs up to about 80. (!e term 
nucleosome technically refers to a nucleosome core particle plus one of its adjacent 
DNA linkers, but it is often used synonymously with nucleosome core particle.) 
On average, therefore, nucleosomes repeat at intervals of about 200 nucleotide 
pairs. For example, a diploid human cell with 6.4 × 109 nucleotide pairs contains 
approximately 30 million nucleosomes. !e formation of nucleosomes converts a 
DNA molecule into a chromatin thread about one-third of its initial length. 

The Structure of the Nucleosome Core Particle Reveals How DNA 
Is Packaged
!e high-resolution structure of a nucleosome core particle, solved in 1997, 
revealed a disc-shaped histone core around which the DNA was tightly wrapped 
in a left-handed coil of 1.7 turns (Figure 4–23). All four of the histones that make 
up the core of the nucleosome are relatively small proteins (102–135 amino acids), 
and they share a structural motif, known as the histone fold, formed from three α 
helices connected by two loops (Figure 4–24). In assembling a nucleosome, the 
histone folds #rst bind to each other to form H3–H4 and H2A–H2B dimers, and 
the H3–H4 dimers combine to form tetramers. An H3–H4 tetramer then further 
combines with two H2A–H2B dimers to form the compact octamer core, around 
which the DNA is wound.

!e interface between DNA and histone is extensive: 142 hydrogen bonds are 
formed between DNA and the histone core in each nucleosome. Nearly half of 
these bonds form between the amino acid backbone of the histones and the sug-
ar-phosphate backbone of the DNA. Numerous hydrophobic interactions and salt 
linkages also hold DNA and protein together in the nucleosome. More than one-
#fth of the amino acids in each of the core histones are either lysine or arginine 
(two amino acids with basic side chains), and their positive charges can e$ectively 
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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.)
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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.

Nucleosome core particle
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• Each individual nucleosome core particle consists of a complex of 8 histone 
proteins and double-stranded DNA


• 4 different histones in duplicate = octamer


• Each histone octamer forms a protein core around which the DNA is wound


• Nucleosomes repeat at intervals of ~200 nucleotide pairs


• Linker DNA is the DNA located between two nucleosomes


• Compacts DNA ~3x
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H2B, H3, and H4—and double-stranded DNA that is 147 nucleotide pairs long. 
!e histone octamer forms a protein core around which the double-stranded DNA 
is wound (Figure 4–22).

!e region of linker DNA that separates each nucleosome core particle from 
the next can vary in length from a few nucleotide pairs up to about 80. (!e term 
nucleosome technically refers to a nucleosome core particle plus one of its adjacent 
DNA linkers, but it is often used synonymously with nucleosome core particle.) 
On average, therefore, nucleosomes repeat at intervals of about 200 nucleotide 
pairs. For example, a diploid human cell with 6.4 × 109 nucleotide pairs contains 
approximately 30 million nucleosomes. !e formation of nucleosomes converts a 
DNA molecule into a chromatin thread about one-third of its initial length. 

The Structure of the Nucleosome Core Particle Reveals How DNA 
Is Packaged
!e high-resolution structure of a nucleosome core particle, solved in 1997, 
revealed a disc-shaped histone core around which the DNA was tightly wrapped 
in a left-handed coil of 1.7 turns (Figure 4–23). All four of the histones that make 
up the core of the nucleosome are relatively small proteins (102–135 amino acids), 
and they share a structural motif, known as the histone fold, formed from three α 
helices connected by two loops (Figure 4–24). In assembling a nucleosome, the 
histone folds #rst bind to each other to form H3–H4 and H2A–H2B dimers, and 
the H3–H4 dimers combine to form tetramers. An H3–H4 tetramer then further 
combines with two H2A–H2B dimers to form the compact octamer core, around 
which the DNA is wound.

!e interface between DNA and histone is extensive: 142 hydrogen bonds are 
formed between DNA and the histone core in each nucleosome. Nearly half of 
these bonds form between the amino acid backbone of the histones and the sug-
ar-phosphate backbone of the DNA. Numerous hydrophobic interactions and salt 
linkages also hold DNA and protein together in the nucleosome. More than one-
#fth of the amino acids in each of the core histones are either lysine or arginine 
(two amino acids with basic side chains), and their positive charges can e$ectively 
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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.)
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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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• Nucleosomes are packed together into a compact chromatin fiber (diameter 30 nm)


• How this happens is unclear but involves histone tails and an additional histone H1

  193

Most eukaryotic organisms make several histone H1 proteins of related but quite 
distinct amino acid sequences. !e presence of many other DNA-binding pro-
teins, as well as proteins that bind directly to histones, is certain to add important 
additional features to any array of nucleosomes.

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. !e human genome 
contains 3.2 × 109 DNA nucleotide pairs, divided between 22 di#erent 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 e$ciently 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.

!e DNA in eukaryotes is tightly bound to an equal mass of histones, which 
form repeated arrays of DNA–protein particles called nucleosomes. !e nucleosome 
is composed of an octameric core of histone proteins around which the DNA dou-
ble 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 %ber. Even though compact, 
the structure of chromatin must be highly dynamic to allow access to the DNA. 
!ere 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 speci%c regions of chromatin at appropri-
ate times. !e remodeling complexes collaborate with histone chaperones to allow 
nucleosome cores to be repositioned, reconstituted with di#erent histones, or com-
pletely removed to expose the underlying DNA.

CHROMOSOMAL DNA AND ITS PACKAGING IN THE 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. (B) As indicated, the 
histone tails are thought to be involved in 
interactions between nucleosomes that 
help to pack them together. (A, PDB  
code: 1K X 5.)
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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 (B) structure inferred for a single 
nucleosome from a structure determined 
by high-resolution electron microscopy of 
a reconstituted chromatin fiber (C). (B and 
C, adapted from F. Song et al., Science 
344:376–380, 2014.)
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• Brief introduction on Biology basics


• The structure and function of DNA


• Chromosomal DNA and its packaging into chromatin


• The effect of chromatin structure on DNA function
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Histones characteristics

• Positively charged - neutralise negative charges from 
DNA


• Core histones are highly conserved across evolution


• Nucleosomes are dynamic to allow replication and 
transcription


• N-terminal tails of histones stick out from the 
nucleosome and are subject to modifications

42 DOI:10.1021/acs.analchem.7b05007
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Chromatin dynamically changes

43 =

• In the 1930s, light microscopy distinguished two types of chromatin: 
heterochromatin (highly condensed- inactive) and euchromatin 
(less condensed- active)


• Heterochromatin is highly concentrated in certain regions 
(centromeres and telomeres), but also present in other regions 
depending on the physiological state of the cell


• Heterochromatin can be constitutive or facultative


• Heterochromatin contains few genes


• Through chromosome breakage, if a part of euchromatin ends up in 
heterochromatin, this causes the silencing of normally active 
genes = position effect

180 Chapter 4:  DNA, Chromosomes, and Genomes

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

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

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



Histone modifications
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• The amino-acid side-chain of the core 
histones are subjected to many covalent 
mutations (acetylation of lysines, methylation 
of lysines or phosphorylation of serines)


• Primarily on histone tails but also on 
nucleosome core


• Modifications are reversible with dedicated 
enzymes to add or remove them (e.g. HATs 
and HDACs)


• Result in change in chromatin organization


• Are referred to as the “histone code”
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di!erent times and places in the life of an organism, thereby determining where 
and when the chromatin-modifying enzymes will act. In this way, the DNA 
sequence ultimately determines how histones are modi"ed. But in at least some 
cases, the covalent modi"cations on nucleosomes can persist long after the tran-
scription regulator proteins that "rst induced them have disappeared, thereby 
providing the cell with a memory of its developmental history. Most remarkably, 
as in the related phenomenon of position e!ect variegation discussed above, this 
memory can be transmitted from one cell generation to the next.

Very di!erent patterns of covalent modi"cation are found on di!erent groups 
of nucleosomes, depending both on their exact position in the genome and on 
the history of the cell. #e modi"cations of the histones are carefully controlled, 
and they have important consequences. #e acetylation of lysines on the N-ter-
minal tails loosens chromatin structure, in part because adding an acetyl group 
to lysine removes its positive charge, thereby reducing the a$nity of the tails for 
adjacent nucleosomes. However, the most profound e!ects of the histone modi"-
cations lie in their ability to recruit speci"c other proteins to the modi"ed stretch 
of chromatin. Trimethylation of one speci"c lysine on the histone H3 tail, for 
instance, attracts the heterochromatin-speci"c protein HP1 and contributes to 
the establishment and spread of heterochromatin. More generally, the recruited 
proteins act with the modi"ed histones to determine how and when genes will be 
expressed, as well as other chromosome functions. In this way, the precise struc-
ture of each domain of chromatin governs the readout of the genetic information 
that it contains, and thereby the structure and function of the eukaryotic cell. 

CHROMATIN STRUCTURE AND FUNCTION
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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. (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.)
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• Modification enzymes bind to DNA sequences, 
so DNA determines how histones are modified


• Some modifications persist in time

Histone modifications
  197

di!erent times and places in the life of an organism, thereby determining where 
and when the chromatin-modifying enzymes will act. In this way, the DNA 
sequence ultimately determines how histones are modi"ed. But in at least some 
cases, the covalent modi"cations on nucleosomes can persist long after the tran-
scription regulator proteins that "rst induced them have disappeared, thereby 
providing the cell with a memory of its developmental history. Most remarkably, 
as in the related phenomenon of position e!ect variegation discussed above, this 
memory can be transmitted from one cell generation to the next.

Very di!erent patterns of covalent modi"cation are found on di!erent groups 
of nucleosomes, depending both on their exact position in the genome and on 
the history of the cell. #e modi"cations of the histones are carefully controlled, 
and they have important consequences. #e acetylation of lysines on the N-ter-
minal tails loosens chromatin structure, in part because adding an acetyl group 
to lysine removes its positive charge, thereby reducing the a$nity of the tails for 
adjacent nucleosomes. However, the most profound e!ects of the histone modi"-
cations lie in their ability to recruit speci"c other proteins to the modi"ed stretch 
of chromatin. Trimethylation of one speci"c lysine on the histone H3 tail, for 
instance, attracts the heterochromatin-speci"c protein HP1 and contributes to 
the establishment and spread of heterochromatin. More generally, the recruited 
proteins act with the modi"ed histones to determine how and when genes will be 
expressed, as well as other chromosome functions. In this way, the precise struc-
ture of each domain of chromatin governs the readout of the genetic information 
that it contains, and thereby the structure and function of the eukaryotic cell. 
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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. (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  
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Example: Histone acetylation
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Histone acyltransferaseHistone deacetylase

http://www.ncbi.nlm.nih.gov/pmc/articles/pmc3660019/


Histone modifications influence gene expression
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• Acetylated histones - open chromatin (euchromatin)- transcriptional activity

180 Chapter 4:  DNA, Chromosomes, and Genomes

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

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

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



Example: histone code (H3)
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see Figure 7–20). But after a modifying enzyme “writes” its mark on one or a few 
neighboring nucleosomes, events that resemble a chain reaction can ensue. In 
such a case, the “writer enzyme” works in concert with a “reader protein” located 
in the same protein complex. !e reader protein contains a module that recog-
nizes the mark and binds tightly to the newly modi"ed nucleosome (see Figure 
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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. (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. 
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how a particular combination of histone 
modifications can be recognized by a 
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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.



Reader complexes read the histone code
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see Figure 7–20). But after a modifying enzyme “writes” its mark on one or a few 
neighboring nucleosomes, events that resemble a chain reaction can ensue. In 
such a case, the “writer enzyme” works in concert with a “reader protein” located 
in the same protein complex. !e reader protein contains a module that recog-
nizes the mark and binds tightly to the newly modi"ed nucleosome (see Figure 
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shown. Not illustrated is the fact that, as 
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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 
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The spread of heterochromatin (position effect)
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4–36), activating an attached writer enzyme and positioning it near an adjacent 
nucleosome. !rough many such read–write cycles, the reader protein can carry 
the writer enzyme along the DNA—spreading the mark in a hand-over-hand man-
ner along the chromosome (Figure 4–40). 

In reality, the process is more complicated than the scheme just described. 
Both readers and writers are part of a protein complex that is likely to contain 
multiple readers and writers, and to require multiple marks on the nucleosome to 
spread. Moreover, many of these reader–writer complexes also contain an ATP-de-
pendent chromatin remodeling protein (see Figure 4–26C), and the reader, writer, 
and remodeling proteins can work in concert to either decondense or condense 
long stretches of chromatin as the reader moves progressively along the nucleo-
some-packaged DNA.

A similar process is used to remove histone modi"cations from speci"c regions 
of the DNA; in this case, an “eraser enzyme,” such as a histone demethylase or his-
tone deacetylase, is recruited to the complex. As for the writer complex in Figure 
4–40, sequence-speci"c DNA-binding proteins (transcription regulators) direct 
where such modi"cations occur (discussed in Chapter 7).

Some idea of the complexity of the above processes can be derived from the 
results of genetic screens for genes that either enhance or suppress the spreading 
and stability of heterochromatin, as manifest in e#ects on position e#ect varie-
gation in Drosophila (see Figure 4–32). As pointed out previously, more than 100 
such genes are known, and most of them are likely to code for subunits in one or 
more reader–writer–remodeling protein complexes.

CHROMATIN STRUCTURE AND FUNCTION
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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. 



What blocks the spread of heterochromatin?
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• This can be problematic as each chromosome is 
one long stretch of DNA


• DNA sequences have been identified and mark 
the boundaries of chromatin domains = barrier 
sequences. If those are deleted, euchromatin can 
be invaded by heterochromatin


• Cluster of binding sites for acetylation enzymes


• Acetylation of a lysine side-chain is not 
compatible with methylation of the same side-
chain


• Specific lysine methylations are required to 
spread heterochromatin so histone acetylases 
are logical candidates for barrier regions

202 Chapter 4:  DNA, Chromosomes, and Genomes

Barrier DNA Sequences Block the Spread of Reader–Writer 
Complexes and thereby Separate Neighboring Chromatin 
Domains
!e above mechanism for spreading chromatin structures raises a potential prob-
lem. Inasmuch as each chromosome contains one continuous, very long DNA 
molecule, what prevents a cacophony of confusing cross-talk between adjacent 
chromatin domains of di"erent structure and function? Early studies of position 
e"ect variegation had suggested an answer: certain DNA sequences mark the 
boundaries of chromatin domains and separate one such domain from another 
(see Figure 4–31). Several such barrier sequences have now been identi#ed and 
characterized through the use of genetic engineering techniques that allow spe-
ci#c DNA segments to be deleted from, or inserted in, chromosomes. 

For example, in cells that are destined to give rise to red blood cells, a sequence 
called HS4 normally separates the active chromatin domain that contains the 
human β-globin locus from an adjacent region of silenced, condensed chromatin. 
If this sequence is deleted, the β-globin locus is invaded by condensed chromatin. 
!is chromatin silences the genes it covers, and it spreads to a di"erent extent in 
di"erent cells, causing position e"ect variegation similar to that observed in Dro-
sophila. As described in Chapter 7, the consequences are dire: the globin genes 
are poorly expressed, and individuals who carry such a deletion have a severe 
form of anemia.

In genetic engineering experiments, the HS4 sequence is often added to both 
ends of a gene that is to be inserted into a mammalian genome, in order to protect 
that gene from the silencing caused by spreading heterochromatin. Analysis of 
this barrier sequence reveals that it contains a cluster of binding sites for histone 
acetylase enzymes. Since the acetylation of a lysine side chain is incompatible 
with the methylation of the same side chain, and speci#c lysine methylations are 
required to spread heterochromatin, histone acetylases are logical candidates for 
the formation of DNA barriers to spreading (Figure 4–41). However, several other 
types of chromatin modi#cations are known that can also protect genes from 
silencing.
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nuclear pore

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.)
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• DNA methylation on cytosine


• DNA methylation influences gene 
expression but not the chromatin 
organisation (hetero- and 
euchromatin)
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Genetic code Epigenetic code

Conserved

during division

Semi-conserved during 
division

Strong evolutionary 
conservation

Rapid evolutionary 
divergence

Identical in all cell types
Differs between cell 
types, responsive to 

environment



Have a nice day! 
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