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Chromosomes become 
visible as cells prepare to 
divide. 
(A) Two adjacent plant cells. The 
DNA has been stained with a 
fluorescent dye (DAPI) that 
binds to it. The DNA is present 
in chromosomes, which become 
visible as distinct structures, as 
shown on the left. The cell on 
the right, which is not dividing, 
contains the identical 
chromosomes; they cannot be 
distinguished as individual 
chromosomes.



The nucleosome. The 
basic structural unit of all 
eucaryotic chromosoms is 
the nucleosome. The DNA 
double helix (gray) is 
wrapped around a core 
particle of hisotne proteins 
(colored) to create the 
nucleosome. Nucleosomes 
are spaced roughly 200 
nucleotide pairs apart along 
the chromosomal DNA.

(Nature 389:251-260, 1997)

• The Structure and Function of DNA

• The Structure of Eucaryotic Chromosomes

• The Regulation of Chromosome Structure

The Structure and Function 
of DNA

DNA structure



• Chemical polarity

A DNA molecule consists of two complementary 
chains of nucleotides

by ‘DNA polymerase’

• 3.2 x 109 (3.2 billion) nt (2 m) over 24 chromosomes

DNA is made of four nucleotide building blocks



• DNA strand (or DNA chain)

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

• Hydrogen bonds (AT and GC).

• The way in which the nucleotide subunits are linked together gives a DNA 

strand a chemical polarity.

     - In the same orientation.

     - Easily distinguishable.

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

A DNA molecule

Complementary base pairs are formed in 
the DNA double helix



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

• Important for both copying and repairing the DNA.

• Antiparallel (oriented in opposite polarities)

DNA double helix

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

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

The nucleotides are linked together 
covalently by phosphodiester bonds

The 3’ end carries – OH group; the 5’ end carries a free phosphate group



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

The DNA double helix has a major and 
minor groove

The strand twist around each other to form a 
double helix containing 10 base pairs per 
helical turn.

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

• Important for both copying and repairing the DNA.

• Antiparallel (oriented in opposite polarities)

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

3. Major and minor groove
• The strand twist around each other to form a double helix containing 10 

base pairs per helical turn.

Summary The structure of DNA provide a mechanism for heredity



heredity (유전형질)

• How can the information for specifying an 
organism be carried in chemical form?

• How is it accurately copied? (next chapter)

Linear messages come in many forms

Genes contain information to make proteins

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

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

Text p. 73



Gene sequences can be written and read like any text
  - human β-globin gene.
  - the sequence (seq) should be read from left to right in successive lines
  - the DNA seq highlighted in yellow color show the three regions of the 
gene that specify the amino seq of the β-globin protein

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

TGA: 
Stop codon The Structure of Eucaryotic 

Chromosomes



Fig. Scale of the human genome
If each nucleotide pair is drawn as 1 mm as in (A), then the 
human genome would extend 3,200 km, far enough to 
stretch across the center of Africa (B).

101년

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

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

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

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

Text p.179

Backgrounds



Chromosome: Overview

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

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

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

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

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

Eucaryotic DNA is packed into 
multiple chromosomes

• DNA hybridization: the technique uses a set of DNA molecules coupled 

to fluorescent molecules to “paint” each chromosome a different color.

• Human karyotype: a display of the full set of      human chromosomes.

Text p180, Fig 5-10 legend
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Unique banding patterns 
allow the identification of 
each human chromosome

Text p180, Fig 5-11 legend

• To stain the chromosomes with 
dyes that bind to certain types of 
DNA sequences.

• These dyes mainly distinguish 
between DNA that is rich in A-T 
nucleotide pairs and DNA that is 
G-C rich, and they produce a 
striking and reliable pattern of 
bands along each chromosome.

• Giemsa stain: produce dark 
bands in AT rich region.



Abnormal chromosomes are associated with 
some inherited genetic defects

(A) Inherited ataxia (운동실조).  The patient has one normal 
Chromosome 12 (left) and one aberrant chromosome 12
(B) Chromosome 4 DNA “painted” red and the parts 
corresponding to Chromosome 12 DNA painted blue.

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

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

   (cf, Some genes produce an RNA molecules)

Chromosomes contain long stings of genes

Genes are arranged along the chromosomes

Fig. The genome of S. cerevisiae (budding yeast)
(A) The genome : 16 chromosomes
(B) A small region of chromosome 11



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

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

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

• But, not always true.

• e.g., closely related species (see fig. 5-14).

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

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



22 pairs + XY 2 pairs + XYY

Chromosomes exist in different states 
throughout the life of a cell

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

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

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

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

Replication and segregation of chromosomes 
occur through the cell cycle

Interphase, when chromosomes are duplicated
Mitosis, when chromosomes are distributed to the two daughter nuclei



Three DNA sequence elements are needed 
to produce a eucaryotic chromosome

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

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

ends of chromosomes to be replicated. 

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

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

daughter cell.

Mitotic chromosome is highly compact Interphase chromosomes are organized 
within the nucleus



05_19_Interphase.jpg • Nuclear envelop: formed by two concentric membranes; 
punctuated at intervals by nuclear pores.

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

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

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

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

cluster together (see Fig. 5-11).

“...Not being mixed with each other like 
spaghetti in a bowl...”



Interphase chromosomes are 
organized within the nucleus

• The interphase chromosomes
• Longer and finer than mitotic chromosomes

• Nonetheless organized in various ways.

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

nuclear envelop or the nuclear lamina.

The DNA in chromosomes is highly condensed

• All eucaryotic cells package DNA tightly into chromosomes.

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

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

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



(A) Chromatin from an interphase nucleus as a thread 30 nm thick
(B) Chromatin experimentally unpacked to show the nucleosomes.

Nucleosomes are the basic units of chromatin structure

• The proteins that bind to the DNA

• Histones
• Nonhistone chromosomal proteins

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

• Equal mass to that of DNA itself.

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

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

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

Nucleosomes contain DNA + Histones



The structure of nucleosome

• Isolation of nucleosome : ‘nuclease’. 

• An individual ‘nucleosome core particle’
• Eight histone proteins (H2Ax2, H2Bx2, H3x2, and H4x2) and double-
stranded DNA.

• DNA is 147 nt pairs long, winds around the histone octamer.

• High resolution structure of the nucleosome
• Solved in 1997 in atomic detail.

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

• Linker DNA
• DNA between nucleosomes : ~ 80 nt.

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

• First level of DNA packing.

75

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

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

• Bind tightly to the negatively charged DNA. 

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

inherited)
• Control many aspects of chromatin structure and gene 

expression (acetylation; methylation; phosphorylation; ubiquitination).

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

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

Histones



Chromosomes packing occurs on multiple levels

       DNA double helix

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



‘Condensins help to coil the mitotic chromatids 
into, smaller, more compact structures that can 
be more easily segregated during mitosis.’

Text p.624

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

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

structure, the 30-nm fiber.
• Histone H1

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

fiber.

• Mitotic chromosome
• 30-nm fiber is folded into a series of loops.
• Further condensed to produce the interphase chromosome.

• Undergo at least one more level of packing for the mitotic 
chromosome.

•Condensin



The Regulation of 
Chromosome Structure

Two ways to adjust the local structure of their 
chromatin rapidly

1. Chromatin Remodeling Complexes

2. Chemical Modifications of the Histones

Changes in nucleosome structure allow access to DNA

Dynamic Nucleosome
1. Chromatin Remodeling Complexes

adjustment; sliding; movement; altering



Nucleosome removal and histone exchange

1. Chromatin Remodeling Complexes

• Protein complex

• Use the ATP hydrolysis to change the position of the DNA (adjustment; 
sliding; movement; altering) 

• Loosen the nucleosomal DNA by pushing it along the histone core.

• Make DNA more accessible to other proteins.

• Inactivated during mitosis.

• Other types of sliding can also condense the chromatin in a particular region.

• In addition, they catalyze nucleosome removal and histone exchange.

2. Chemical Modifications of the Histones



The covalent modification of core histone tails

A map of histone modifications on the surface of 
the nucleosome core particle

Some specific meanings of the histone code



2. Chemical Modifications of the Histones
1. Tails of all four of the core histones.

1.1.Covalent modifications (ac, ph, me, or ub).

2. Affect the ability of the histone tails to bind specific proteins and 
therefore recruit them to particular stretches of chromatin.
2.1.Different patterns attract different proteins.
2.2.Specific combinations have different meanings for the cell.

3. Further (de)condensation of chromatin.

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

3.2.The histone-modifying enzymes work in concert with the 
chromatin-remodeling complexes to (de)condense stretches of 

chromatin.

4. Rapidly change local chromatin structure according to the needs of 

the cell.

Epigenetics  
(후성유전학)

DNA 메틸화 + 히스톤 변형

Epigenetic code

 “Histone Code”

• A specific meaning to the stretch of chromatin on which it occurs.

• Different combinations + different sets of histone-binding proteins 

→ different signal

Ac Acetyltransferse (HAT) Deacetylase (HDAC)

Me Methytransferase Demethylase

Ub Ubiquitylase Deubiquitylase

Ph Kinase Phosphatase



How the histone code could be 
read by a code-reader complex➀

How the recruitment of a code-
reader-writer complex can spread 
chromatin along a chromosome.

“the writer collaborates with a code-reader”

➁



How a complex containing reader-writer 
and ATP-dependent chromatin remodeling 
proteins can spread chromatin changes 

along a chromosome.

“the reader-writer complex collaborates with 
an ATP-dependent chromatin remodeling protein”

➂ ➃ Histone modification cross-talk (Trans-tail regulation)

Association of histone modification with transcription 
(히스톤 변형의 전사 연계)

Interphase chromosomes contain both condensed and 
more extended forms of chromatin



Euchromatin

• eu (“true” or “normal”) + chromatin.
• Refer to chromatin that exists in a more extended state than 

heterochromatin.

• However, both euchromatin and heterochromatin are 
composed of mixtures of different chromatin structures 
(different sets of histone tail modifications).

Heterochromatin 

• Heteros (“different”) + chromatin
• The most highly condensed form of interphase chromatin.

• Discrete, strongly staining region. 

• About 10% of an interphase chromosome. 

• Found in centromere and telomere region.

• Large-scale structure of interphase chromosomes - localized alteration 
of chromatin packing by (remodeling complexes + histone modification).

• Not uniformly packed.

• Regions of the chromosome that contain genes that are being expressed 
are more extended, while those that contain quiescent genes are 
more compact.

• The detailed structure of an interphase chromosome can differ from one 
cell type to the next, helping to determine which genes are expressed.

Interphase chromatin
How is the formation of heterochromatin induced? 

• A particular set of histone tail modifications (ex. H3K9me, Fig. 5-28B). 

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

nucleosomes.

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

is established along the DNA.



1.  Position Effect Variegation

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

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

Example #1

Position effect (see Figure legend 5-29, p190)

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

• β-globin is situated next to heterochromatin. 

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

• A severe form of anemia.

Example #2

3. X chromosome inactivation

• The interphase X chromosomes of female mammals. 
• A double dose of X-chromosome products would be lethal.
• One of the two X chromosomes in each cell is permanently 

inactivated.
• Completely inactivated by heterochromatin formation in early 

embryo (see fig 5-28).
• Inactive state of X-chromosome is inherited.

Example #3



Telomeres Have a Special Form of 
Heterochromatin

• Heterochromatin involves an additional level of folding 
and requires many proteins in addition to histones.

• Silent information regulator (Sir) proteins induce the 
silencing of genes located near telomeres.

• A telomere-bound Sir protein complex that recognizes 
underacetylated N-terminal tails of selected histones.

• Sir2 is a highly conserved histone deacetylase (HDAC).

• Heterochromatin is generally underacetylated.
• Underacetylated tails of histone H4 are proposed to interact with 
a complex of Sir proteins, thus stabilizing the association of these 
proteins with nucleosomes.

Specialized DNA-binding proteins (blue triangles) recognize DNA 
sequences near the ends of chromosomes and attract the Sir proteins 
(Sir2). This then leads to the cooperative spreading of the Sir 
protein complex down the chromosome. 

Rap1



How can the tight packing of DNA in heterochromatin be inherited 
during chromosome replication?

Changes in chromatin structure can be 
inherited (Epigenetic inheritance)

How can certain types of chromatin 
structure be passed (inherited) from a cell to 

its descendants?



Comparison

require “reprogramming”

•  Epigenetic Inheritance

• epi- ( “on”) + genetic

• Superimposed on genetic inheritance based on DNA.

• Each daughter DNA receives half of its parents histones.

• An intermixed set of two types of nucleosome.

• ‘Inherited’ and ‘newly synthesized’ histones (not modified).

• The ability of inherit localized chromatin structure.

• Remember whether a gene was active / inactive.

• Crucial for growth and development processes.


