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9.1  Introduction
9.2  Viral Genomes Are Packaged into Their Coats

• The length of DNA that can be incorporated into a 
 virus is limited by the structure of the headshell.

• Nucleic acid within the headshell is extremely 
 condensed.

• Filamentous RNA viruses condense the RNA genome as 
they assemble the headshell around it.

• Spherical DNA viruses insert the DNA into a preas-
sembled protein shell.

9.3  The Bacterial Genome Is a Nucleoid
• The bacterial nucleoid is ~80% DNA by mass and can 

be unfolded by agents that act on RNA or  protein.
• The proteins that are responsible for condensing the 

DNA have not been identified.
9.4  The Bacterial Genome Is Supercoiled

• The nucleoid has ~400 independent negatively super-
coiled domains.

• The average density of supercoiling is ~1 turn/100bp.
9.5  Eukaryotic DNA Has Loops and Domains Attached to 

a Scaffold
• DNA of interphase chromatin is negatively supercoiled 

into independent domains of ~85 kb.

• Metaphase chromosomes have a protein scaffold to 
which the loops of supercoiled DNA are attached.

9.6  Specific Sequences Attach DNA to an Interphase 
Matrix
• DNA is attached to the nuclear matrix at specific 

 sequences called MARs or SARs.
• The MARs are A-T-rich but do not have any specific 

consensus sequence.
9.7  Chromatin Is Divided into Euchromatin 

and Heterochromatin
• Individual chromosomes can be seen only during 

 mitosis.
• During interphase, the general mass of chromatin is in 

the form of euchromatin, which is slightly less tightly 
packed than mitotic chromosomes.

• Regions of heterochromatin remain densely packed 
throughout interphase.

9.8  Chromosomes Have Banding Patterns
• Certain staining techniques cause the chromosomes to 

have the appearance of a series of striations, which are 
called G-bands.

• The bands are lower in G-C content than the 
 interbands.

• Genes are concentrated in the G-C-rich interbands.
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190 CHAPTER 9 Chromosomes

CHAPTER OUTLINE, CONTINUED

9.9  Lampbrush Chromosomes Are Extended
• Sites of gene expression on lampbrush chromosomes 

show loops that are extended from the chromosomal 
axis.

9.10  Polytene Chromosomes Form Bands
• Polytene chromosomes of dipterans have a series 

of bands that can be used as a cytological map.
9.11  Polytene Chromosomes Expand at Sites of Gene 

Expression
• Bands that are sites of gene expression on polytene 

chromosomes expand to give “puffs.”
9.12  The Eukaryotic Chromosome Is a Segregation Device

• A eukaryotic chromosome is held on the mitotic spin-
dle by the attachment of microtubules to the kineto-
chore that forms in its centromeric region.

9.13  Regional Centromeres Contain a Centromeric 
Histone H3 Variant and Repetitive DNA
• Centromeres are characterized by a centromere-specific 

histone H3 variant, and often have heterochromatin 
that is rich in satellite DNA sequences.

• Centromeres in higher eukaryotic chromosomes contain 
large amounts of repetitive DNA and unique histone 
variants.

• The function of repetitive DNA is not known.
9.14  Point Centromeres in S. cerevisiae Contain Short, 

Essential DNA Sequences
• CEN elements are identified in S. cerevisiae by the 

ability to allow a plasmid to segregate accurately at 
 mitosis.

• CEN elements consist of the short, conserved 
 sequences CDE-I and CDE-III that flank the A-T-rich 
 region CDE-II.

9.15  The S. cerevisiae Centromere Binds a Protein 
Complex
• A specialized protein complex that is an alternative 

to the usual chromatin structure is formed at CDE-II.

• The CBF3 protein complex that binds to CDE-III is 
 essential for centromeric function.

• The proteins that bind CEN serve as an assembly plat-
form for the kinetochore and provide the connection to 
microtubules.

9.16  Telomeres Have Simple Repeating Sequences
• The telomere is required for the stability of the chro-

mosome end.
• A telomere consists of a simple repeat where a C+A-

rich strand has the sequence C>1(A/T)1–4.
9.17  Telomeres Seal the Chromosome Ends and Function 

in Meiotic Chromosome Pairing
• The protein TRF2 catalyzes a reaction in which the 

3� repeating unit of the G+T-rich strand forms a loop 
by displacing its homolog in an upstream region of the 
telomere.

9.18  Telomeres Are Synthesized by a Ribonucleoprotein 
Enzyme
• Telomerase uses the 3�-OH of the G+T telomeric strand 

to prime synthesis of tandem TTGGGG repeats.
• The RNA component of telomerase has a sequence that 

pairs with the C+A-rich repeats.
• One of the protein subunits is a reverse transcriptase 

that uses the RNA as template to synthesize the 
G+T-rich sequence.

9.19  Telomeres Are Essential for Survival
• Telomerase is expressed in actively dividing cells and is 

not expressed in quiescent cells.
• Loss of telomeres results in senescence.
• Escape from senescence can occur if telomerase is 

 reactivated, or via unequal homologous recombination 
to restore telomeres.

9.20  Summary

9.1  Introduction
A general principle is evident in the organi-
zation of all cellular genetic material. It exists 
as a compact mass that is confined to a lim-
ited volume, and its various activities, such as 
replication and transcription, must be accom-
plished within this space. The organization of 
this material must accommodate local transi-
tions between inactive and active states.

The condensed state of nucleic acid results 
from its binding to basic proteins. The positive 
charges of these proteins neutralize the nega-
tive charges of the nucleic acid. The structure 
of the nucleoprotein complex is determined by 
the interactions of the proteins with the DNA 
(or RNA).

A common problem is presented by the 
packaging of DNA into phages, viruses, bacte-
rial cells, and eukaryotic nuclei. The length of 
the DNA as an extended molecule would vastly 
exceed the dimensions of the compartment that 
contains it. The DNA (or in the case of some 
viruses, the RNA) must be compressed exceed-
ingly tightly to fit into the space available. Thus 
in contrast with the customary picture of DNA as an 
extended double helix, structural deformation of DNA 
to bend or fold it into a more compact form is the rule 
rather than exception.

The magnitude of the discrepancy between 
the length of the nucleic acid and the size of 
its compartment is evident from the examples 
summarized in FIGURE 9.1. For bacteriophages 

66320_genesX_CH09_189_219.pdf   19066320_genesX_CH09_189_219.pdf   190 10/30/09   2:07 PM10/30/09   2:07 PM

© Jones and Bartlett Publishers, LLC. NOT FOR SALE OR DISTRIBUTION



 9.2 Viral Genomes Are Packaged into Their Coats 191

structures of the bacterial nucleoid or eukary-
otic chromatin. The usual reckoning, however, 
is that mitotic chromosomes are likely to be 
five to ten times more tightly packaged than 
interphase chromatin, which indicates a typical 
packing ratio of 1000 to 2000.

A major unanswered question concerns the 
specificity of higher-order packaging. Is the DNA 
folded into a particular pattern, or is it different 
in each individual copy of the genome? How 
does the pattern of packaging change when a 
segment of DNA is replicated or transcribed?

9.2  Viral Genomes Are 
Packaged into Their 
Coats

Key concepts
• The length of DNA that can be incorporated into a 

virus is limited by the structure of the headshell.
• Nucleic acid within the headshell is extremely 

condensed.
• Filamentous RNA viruses condense the RNA 

genome as they assemble the headshell around it.
• Spherical DNA viruses insert the DNA into a preas-

sembled protein shell.

From the perspective of packaging the individual 
sequence, there is an important difference 
between a cellular genome and a virus. The 
cellular genome is essentially indefinite in size; 
the number and location of individual sequences 
can be changed by duplication, deletion, and 
rearrangement. Thus it requires a generalized 
method for packaging its DNA, one that is 
insensitive to the total content or distribution 
of sequences. By contrast, two restrictions 
define the needs of a virus. The amount of 
nucleic acid to be packaged is predetermined by 
the size of the genome, and it must all fit within 

and for eukaryotic viruses, the nucleic acid 
genome, whether single-stranded or double-
stranded DNA or RNA, effectively fills the con-
tainer (which can be rodlike or spherical).

For bacteria or for eukaryotic cell com-
partments, the discrepancy is hard to calcu-
late exactly, because the DNA is contained in 
a compact area that occupies only part of the 
compartment. The genetic material is seen in 
the form of the nucleoid in bacteria, and as 
the mass of chromatin in eukaryotic nuclei at 
interphase (between divisions), or as maximally 
condensed chromosomes during mitosis.

The density of DNA in these compartments 
is high. In a bacterium it is ~10 mg/ml, in a 
eukaryotic nucleus it is ~100 mg/ml, and in 
the phage T4 head it is >500mg/ml. Such a 
concentration in solution would be equivalent 
to a gel of great viscosity. We do not entirely 
understand the physiological implications of 
such high concentrations of DNA, such as the 
effect this has upon the ability of proteins to 
find their binding sites on DNA.

The packaging of chromatin is flexible; it 
changes during the eukaryotic cell cycle. At the 
time of division (mitosis or meiosis), the genetic 
material becomes even more tightly pack-
aged, and individual chromosomes become 
recognizable.

The overall compression of the DNA can be 
described by the packing ratio, which is the 
length of the DNA divided by the length of the 
unit that contains it. For example, the smallest 
human chromosome contains ~4.6 � 107 bp 
of DNA (~10 times the genome size of the bac-
terium E. coli). This is equivalent to 14,000 µm 
(= 1.4 cm) of extended DNA. At the most con-
densed moment of mitosis, the chromosome is 
~2 µm long. Thus the packing ratio of DNA in 
the chromosome can be as great as 7000.

Packing ratios cannot be established with 
such certainty for the more amorphous overall 

Compartment 

TMV 

Phage fd 

Adenovirus 

Phage T4 

Mitochondrion 
(human) 

Nucleus 
(human) 

E. coli 

Shape 

filament 

filament 

icosahedron 

icosahedron 

cylinder 

oblate 
spheroid 

spheroid 

Type of Nucleic Acid 

One single-stranded RNA 

One single-stranded DNA  

One double-stranded DNA 

One double-stranded DNA 

One double-stranded DNA 

~10 identical 
double-stranded DNAs 

46 chromosomes of  
double-stranded DNA 

Dimensions 

0.008 x 0.3 μm 

0.006 x 0.85 μm 

0.07 μm diameter 

0.065 x 0.10 μm 

1.7 x 0.65 μm 

3.0 x 0.5 μm 

6 μm diameter 

Length 

2 μm = 6.4 kb 

2 μm = 6.0 kb 

11 μm = 35.0 kb 

55 μm = 170.0 kb 

1.3 mm = 4.2 x 103 kb 

50 μm = 16.0 kb

1.8 m = 6 x 106 kb  

FIGURE 9.1 The length of nucleic acid is much greater than the dimensions of the surrounding 
compartment.

66320_genesX_CH09_189_219.pdf   19166320_genesX_CH09_189_219.pdf   191 10/30/09   2:07 PM10/30/09   2:07 PM

© Jones and Bartlett Publishers, LLC. NOT FOR SALE OR DISTRIBUTION



192 CHAPTER 9 Chromosomes

a coat assembled from a protein or proteins 
coded by the viral genes.

A virus particle is deceptively simple in its 
superficial appearance. The nucleic acid genome 
is contained within a capsid, which is a sym-
metrical or quasisymmetrical structure assem-
bled from one or only a few proteins. Attached 
to the capsid (or incorporated into it) are other 
structures; these structures are assembled from 
distinct proteins and are necessary for infection 
of the host cell.

The virus particle is tightly constructed. The 
internal volume of the capsid is rarely much 
greater than the volume of the nucleic acid it 
must hold. The difference is usually less than 
twofold, and often the internal volume is barely 
larger than the nucleic acid.

In its most extreme form, the restriction 
that the capsid must be assembled from proteins 
encoded by the virus means that the entire shell 
is constructed from a single type of subunit. 
The rules for assembly of identical subunits into 
closed structures restrict the capsid to one of 
two types. For the first type, the protein sub-
units stack sequentially in a helical array to 
form a filamentous or rodlike shape. For the sec-
ond type, they form a pseudospherical shell—a 
type of structure that conforms to a polyhe-
dron with icosahedral symmetry. Some 
viral capsids are assembled from more than a 
single type of protein subunit, but although this 
extends the exact types of structures that can 
be formed, viral capsids still all conform to the 
general classes of quasicrystalline filaments or 
icosahedrons.

There are two types of solution to the prob-
lem of how to construct a capsid that contains 
nucleic acid:

• The protein shell can be assembled 
around the nucleic acid, thereby con-
densing the DNA or RNA by protein–
nucleic acid interactions during the 
process of assembly.

• The capsid can be constructed from its 
component(s) in the form of an empty 
shell, into which the nucleic acid must 
be inserted, being condensed as it 
enters.

The capsid is assembled around the genome 
for single-stranded RNA viruses. The principle 
of assembly is that the position of the RNA within 
the capsid is determined directly by its binding to the 
proteins of the shell. The best-characterized exam-
ple is TMV (tobacco mosaic virus). Assembly 
starts at a duplex hairpin that lies within the 
RNA sequence. From this nucleation center, 

assembly proceeds bidirectionally along the 
RNA until it reaches the ends. The unit of the 
capsid is a two-layer disk, with each layer con-
taining 17 identical protein subunits. The disk 
is a circular structure, which forms a helix as 
it interacts with the RNA. At the nucleation 
center, the RNA hairpin inserts into the central 
hole in the disk, and the disk changes confor-
mation into a helical structure that surrounds 
the RNA. Additional disks are added, with each 
new disk pulling a new stretch of RNA into 
its central hole. The RNA becomes coiled in a 
helical array on the inside of the protein shell, 
as illustrated in FIGURE 9.2.

The spherical capsids of DNA viruses are 
assembled in a different way, as best charac-
terized for the phages lambda and T4. In each 
case, an empty headshell is assembled from a 
small set of proteins. The duplex genome then is 
inserted into the head, accompanied by a struc-
tural change in the capsid.

FIGURE 9.3 summarizes the assembly of 
lambda. It starts with a small headshell that 
contains a protein “core.” This is converted 
to an empty headshell of more distinct shape. 
At this point the DNA packaging begins, the 
headshell expands in size though remaining the 
same shape, and finally the full head is sealed 
by the addition of the tail.

A double-stranded DNA that spans short 
distances is a fairly rigid rod, yet it must be com-
pressed into a compact structure to fit within 
the capsid. We should like to know whether 
packaging involves a smooth coiling of the DNA 
into the head or whether it requires abrupt 
bends.

FIGURE 9.2 A helical path for TMV RNA is created by the 
stacking of protein subunits in the virion.

RNA coils into helix 
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 9.2 Viral Genomes Are Packaged into Their Coats 193

Inserting DNA into a phage head involves 
two types of reaction: translocation and condensa-
tion. Both are energetically unfavorable.

Translocation is an active process in which 
the DNA is driven into the head by an ATP-
dependent mechanism. A common mechanism 
is used for many viruses that replicate by a roll-
ing circle mechanism to generate long tails that 
contain multimers of the viral genome. The 
best-characterized example is phage lambda. 
The genome is packaged into the empty capsid 
by the terminase enzyme. FIGURE 9.4 summa-
rizes the process.

The terminase was first recognized for its 
role in generating the ends of the linear phage 
DNA by cleaving at cos sites. (The name cos 
reflects the fact that it generates cohesive ends 
that have complementary single-stranded tails.) 

The phage genome codes two subunits that 
make up the terminase. One subunit binds to 
a cos site; at this point it is joined by the other 
subunit, which cuts the DNA. The terminase 
assembles into a hetero-oligomer in a complex 
that also includes IHF (integration host factor, 
a dimer that is coded by the bacterial genome). 
It then binds to an empty capsid and uses ATP 
hydrolysis to power translocation along the 
DNA. The translocation drives the DNA into 
the empty capsid.

Another method of packaging uses a struc-
tural component of the phage. In the Bacillus 
subtilis phage ϕ29, the motor that inserts the 
DNA into the phage head is the structure that 
connects the head to the tail. It functions as a 
rotary motor, where the motor action effects 
the linear translocation of the DNA into the 
phage head. The same motor is used to eject 
the DNA from the phage head when it infects 
a bacterium.

Little is known about the mechanism of 
condensation into an empty capsid, except that 
the capsid contains “internal proteins” as well 
as DNA. One possibility is that they provide 

FIGURE 9.3 Maturation of phage lambda passes through 
several stages. The empty head changes shape and 
expands when it becomes filled with DNA. The electron 
micrographs show the particles at the start and the end 
of the maturation pathway. Top photo reproduced from 
D. Cue and M. Feiss, Proc. Natl. Acad. Sci. USA 90 (1993): 
9240–9294. Copyright © 2004 National Academy of Sci-
ences, U.S.A. Photo courtesy of Michael G. Feiss, Uni-
versity of Iowa. Bottom photo courtesy of Robert Duda, 
University of Pittsburgh. 

Prohead I 

Mature phage particle 

Prohead I has protein core 

Prohead II is empty 

DNA packaging begins 

Tail is attached 

Headshell reaches full size 

Headshell expands  
as DNA enters 

FIGURE 9.4 Terminase protein binds to specific sites on 
a multimer of virus genomes generated by rolling circle 
replication. It cuts the DNA and binds to an empty virus 
capsid, and then uses energy from hydrolysis of ATP to 
insert the DNA into the capsid.

ATP → ADP

Rolling circle generates lambda multimers 

Terminase binds to cos site on DNA 

DNA is cleaved 

Terminase recruits capsid 

Terminase translocates DNA into capsid 
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194 CHAPTER 9 Chromosomes

some sort of “scaffolding” onto which the DNA 
condenses. (This would be a counterpart to the 
use of the proteins of the shell in the plant RNA 
viruses.)

How specific is the packaging? It can-
not depend on particular sequences, because 
deletions, insertions, and substitutions all fail 
to interfere with the assembly process. The 
relationship between DNA and the headshell 
has been investigated directly by determining 
which regions of the DNA can be chemically 
crosslinked to the proteins of the capsid. The 
surprising answer is that all regions of the DNA 
are more or less equally susceptible. This prob-
ably means that when DNA is inserted into the 
head it follows a general rule for condensing, 
but the pattern is not determined by particular 
sequences.

These varying mechanisms of virus assem-
bly all accomplish the same end: packaging a 
single DNA or RNA molecule into the capsid. 
Some viruses, though, have genomes that con-
sist of multiple nucleic acid molecules. Reovirus 
contains ten double-stranded RNA segments, 
all of which must be packaged into the capsid. 
Specific sorting sequences in the segments may 
be required to ensure that the assembly process 
selects one copy of each different molecule in 
order to collect a complete set of genetic infor-
mation. In the simpler case of phage ϕ6, which 
packages three different segments of double-
stranded RNA into one capsid, the RNA seg-
ments must bind in a specific order: as each is 
incorporated into the capsid, it triggers a change 
in the conformation of the capsid that creates 
binding sites for the next segment.

Some plant viruses are multipartite: their 
genomes consist of segments, each of which is 
packaged into a different capsid. An example is 
alfalfa mosaic virus (AMV), which has four dif-
ferent single-stranded RNAs, each of which is 
packaged independently into a coat comprising 
the same protein subunit. A successful infec-
tion depends on the entry of one of each type 
into the cell.

The four components of AMV exist as par-
ticles of different sizes. This means that the 
same capsid protein can package each RNA into 
its own characteristic particle. This is a depar-
ture from the packaging of a unique length of 
nucleic acid into a capsid of fixed shape.

The assembly pathway of viruses whose 
capsids have only one authentic form may be 
diverted by mutations that cause the formation 
of aberrant monster particles in which the head 
is longer than usual. These mutations show that 

a capsid protein(s) has an intrinsic ability to 
assemble into a particular type of structure, but 
the exact size and shape may vary.

Some of the mutations occur in genes that 
code for assembly factors, which are needed for 
head formation, but are not themselves part of 
the headshell. Such ancillary proteins limit the 
options of the capsid protein, reducing variation 
in the assembly pathway. Comparable proteins 
are employed in the assembly of cellular chro-
matin (see Chapter 10, Chromatin).

9.3  The Bacterial Genome 
Is a Nucleoid

Key concepts
• The bacterial nucleoid is ~80% DNA by mass and 

can be unfolded by agents that act on RNA or 
 protein.

• The proteins that are responsible for condensing 
the DNA have not been identified.

Although bacteria do not display structures 
with the distinct morphological features of 
eukaryotic chromosomes, their genomes none-
theless are organized into definite bodies. The 
genetic material can be seen as a fairly compact 
clump (or series of clumps) that occupies about 
a third of the volume of the cell. FIGURE 9.5 dis-
plays a thin section through a bacterium in 
which this nucleoid is evident.

FIGURE 9.5 A thin section shows the bacterial nucleoid 
as a compact mass in the center of the cell. Photo courtesy 
of the Molecular and Cell Biology Instructional Laboratory 
Program, University of California, Berkeley.
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 9.4 The Bacterial Genome Is Supercoiled 195

When E. coli cells are lysed, fibers are 
released in the form of loops attached to the 
broken envelope of the cell. As can be seen 
from FIGURE 9.6, the DNA of these loops is not 
found in the extended form of a free duplex, 
but instead is compacted by association with 
proteins.

Several DNA-binding proteins with a super-
ficial resemblance to eukaryotic chromosomal 
proteins have been isolated in E. coli. What cri-
teria should we apply for deciding whether a 
DNA-binding protein plays a structural role in 
the nucleoid? It should be present in sufficient 
quantities to bind throughout the genome, and 
mutations in its gene should cause some disrup-
tion of structure or of functions associated with 
genome survival (for example, segregation to 
daughter cells). None of the known candidate 
proteins fully satisfies these genetic conditions.

Protein HU is a dimer that condenses DNA, 
possibly wrapping it into a beadlike structure. 
It is related to IHF, which has a structural role 
in building a protein complex in specialized 
recombination reactions. Null mutations in 
either of the genes coding for the subunits of HU 
(hupA and -B) have little effect, but loss of both 
functions causes a cold-sensitive phenotype and 
some loss of superhelicity in DNA. These results 
raise the possibility that HU plays some general 
role in nucleoid condensation.

Protein H1 (also known as H-NS) binds 
DNA, interacting preferentially with sequences 
that are bent. Mutations in its gene have turned 
up in a variety of guises (osmZ, bglY, pilG), each 

of which is identified as an apparent regulator 
of a different system. These results probably 
reflect the effect that H1 has on the local topol-
ogy of DNA, with effects upon gene expression 
that depend upon the particular promoter.

We might expect that the absence of a pro-
tein required for nucleoid structure would have 
serious effects upon viability. Why, then, are 
the effects of deletions in the genes for proteins 
HU and H1 relatively restricted? One explana-
tion is that these proteins are redundant, and 
that any one can substitute for the others so 
that deletions of all of them would be neces-
sary to interfere seriously with nucleoid struc-
ture. Another possibility is that we have yet to 
identify the proteins responsible for the major 
features of nucleoid integrity. Yet another pos-
sibility is that we have underestimated their 
contribution to fitness by using laboratory tests 
that evaluate some, but not all, of the condi-
tions in which these proteins contribute to 
reproduction or survival.

The nucleoid can be isolated directly in the 
form of a very rapidly sedimenting complex, 
which consists of ~80% DNA by mass. (The 
analogous complexes in eukaryotes contain 
~50% DNA by mass; see Section 9.4, The Bacte-
rial Genome Is Supercoiled.) The bacterial nucle-
oid can be unfolded by treatment with reagents 
that destroy RNA or protein. The possible role 
of proteins in stabilizing its structure is evident. 
The role of RNA has been quite refractory to 
analysis.

9.4  The Bacterial Genome 
Is Supercoiled

Key concepts
• The nucleoid has ~400 independent negatively 

supercoiled domains.
• The average density of supercoiling is 

~1 turn/100bp.

The DNA of the bacterial nucleoid isolated in 
vitro behaves as a closed duplex structure, as 
judged by its response to ethidium bromide. 
This small molecule intercalates between base 
pairs to generate positive superhelical turns in 
“closed” circular DNA molecules; that is, mol-
ecules in which both strands have covalent 
integrity. (In “open” circular molecules, which 
contain a nick in one strand, or with linear mol-
ecules, the DNA can rotate freely in response 
to the intercalation, thus relieving the 
tension.)

FIGURE 9.6 The nucleoid spills out of a lysed E. coli 
cell in the form of loops of a fiber. © G. Murti/Photo 
Researchers, Inc.
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196 CHAPTER 9 Chromosomes

In a natural closed DNA that is negatively 
supercoiled, the intercalation of ethidium 
bromide first removes the negative supercoils 
and then introduces positive supercoils. The 
amount of ethidium bromide needed to achieve 
zero supercoiling is a measure of the original 
density of negative supercoils.

Some nicks occur in the compact nucleoid 
during its isolation; they can also be generated 
by limited treatment with DNAase. This does 
not, however, abolish the ability of ethidium 
bromide to introduce positive supercoils. This 
capacity of the genome to retain its response to 
ethidium bromide in the face of nicking means 
that it must have many independent chromo-
somal domains, and that the supercoiling in each 
domain is not affected by events in the other domains.

This autonomy suggests that the structure 
of the bacterial chromosome has the general 
organization depicted diagrammatically in 
FIGURE 9.7. Each domain consists of a loop of 
DNA, the ends of which are secured in some 
(unknown) way that does not allow rota-
tional events to propagate from one domain 
to another.

Early data suggested that each domain con-
sists of ~40 kb of DNA, but more recent analysis 
suggests that the domains may be smaller, at 
~10 kb each. This would correspond to ~400 
domains in the E. coli genome. The ends of the 
domains appear to be randomly distributed 
instead of located at predetermined sites on 
the chromosome.

The existence of separate domains could 
permit different degrees of supercoiling to be 
maintained in different regions of the genome. 
This could be relevant in considering the differ-
ent susceptibilities of particular bacterial pro-
moters to supercoiling (see Section 19.17, Super-
coiling Is an Important Feature of Transcription).

As shown in FIGURE 9.8, supercoiling in 
the genome can in principle take either of two 
forms:

• If a supercoiled DNA is free its path 
is unconstrained, and negative super-
coils generate a state of torsional ten-
sion that is transmitted freely along 
the DNA within a domain. It can be 
relieved by unwinding the double helix, 
as described in Section 1.5, Supercoiling 
Affects the Structure of DNA. The DNA is 
in a dynamic equilibrium between the 
states of tension and unwinding.

• Supercoiling can be constrained if pro-
teins are bound to the DNA to hold it 
in a particular three-dimensional con-
figuration. In this case, the supercoils 
are represented by the path the DNA 
follows in its fixed association with 
the proteins. The energy of interaction 
between the proteins and the super-
coiled DNA stabilizes the nucleic acid, 
so that no tension is transmitted along 
the molecule.

Are the supercoils in E. coli DNA con-
strained in vivo or is the double helix subject to 
the torsional tension characteristic of free DNA? 
Measurements of supercoiling in vitro encoun-
ter the difficulty that constraining proteins 
may have been lost during isolation. Various 
approaches suggest that DNA is under torsional 
stress in vivo.

One approach is to measure the effect of 
nicking the DNA. Unconstrained supercoils are 
released by nicking, whereas constrained super-

FIGURE 9.7 The bacterial genome consists of a large 
number of loops of duplex DNA (in the form of a fiber), 
each of which is secured at the base to form an indepen-
dent structural domain.

Average loop 
contains 
 ~10–40 kb DNA 

Loops secured at  
base by unknown  
mechanism 

Loop consists of  
duplex DNA  
condensed by basic  
proteins  

FIGURE 9.8 An unrestrained supercoil in the DNA path 
creates tension, but no tension is transmitted along DNA 
when a supercoil is restrained by protein binding.
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creates no tension 

Unconstrained 
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coils are unaffected. Nicking releases ~50% 
of the overall supercoiling. This suggests that 
about half of the supercoiling is transmitted as 
tension along DNA, with the other half being 
absorbed by protein binding.

Another approach uses the crosslinking 
reagent psoralen, which binds more readily to 
DNA when it is under torsional tension. The 
reaction of psoralen with E. coli DNA in vivo cor-
responds to an average density of one negative 
superhelical turn/200 bp (σ = –0.05).

We can also examine the ability of cells 
to form alternative DNA structures; for exam-
ple, to generate cruciforms at palindromic 
sequences. From the change in linking num-
ber that is required to drive such reactions, it 
is possible to calculate the original supercoiling 
density. This approach suggests an average den-
sity of σ = –0.025, or one negative superhelical 
turn/100 base pairs.

Thus supercoils do create torsional tension 
in vivo. There may be variation about an aver-
age level, and the precise range of densities is 
difficult to measure. It is, however, clear that 
the level is sufficient to exert significant effects 
on DNA structure—for example, in assisting 
melting in particular regions such as origins or 
promoters.

Many of the important features of the 
structure of the compact nucleoid remain to 
be established. What is the specificity with 
which domains are constructed? Do the same 
sequences always lie at the same relative loca-
tions, or can the contents of individual domains 
shift? How is the integrity of the domain main-
tained? Biochemical analysis by itself is unable 
to answer these questions fully, but if it is pos-
sible to devise suitable selective techniques, the 
properties of structural mutants should lead to 
a molecular analysis of nucleoid construction.

9.5  Eukaryotic DNA Has 
Loops and Domains 
Attached to a Scaffold

Key concepts
• DNA of interphase chromatin is negatively super-

coiled into independent domains of ~85 kb.
• Metaphase chromosomes have a protein scaf-

fold to which the loops of supercoiled DNA are 
attached.

Interphase chromatin is a tangled mass occu-
pying a large part of the nuclear volume, in 
contrast with the highly organized and repro-

ducible ultrastructure of mitotic chromosomes. 
What controls the distribution of interphase 
chromatin within the nucleus?

Some indirect evidence on its nature is 
provided by the isolation of the genome as a 
single, compact body. Using the same technique 
that was developed for isolating the bacterial 
nucleoid (see Section 9.4, The Bacterial Genome 
Is Supercoiled), nuclei can be lysed on top of a 
sucrose gradient. This releases the genome in a 
form that can be collected by centrifugation. As 
isolated from Drosophila melanogaster, it can be 
visualized as a compactly folded fiber (10 nm in 
diameter) consisting of DNA bound to proteins.

Supercoiling measured by the response to 
ethidium bromide corresponds to about one 
negative supercoil/200 bp. These supercoils can 
be removed by nicking with DNase, although 
the DNA remains in the form of the 10 nm fiber. 
This suggests that the supercoiling is caused by 
the arrangement of the fiber in space, and that 
it represents the existing torsion.

Full relaxation of the supercoils requires 
one nick/85 kb, thus identifying the average 
length of “closed” DNA. This region could com-
prise a loop or domain similar in nature to those 
identified in the bacterial genome. Loops can 
be seen directly when the majority of proteins 
are extracted from mitotic chromosomes. The 
resulting complex consists of the DNA associ-
ated with ~8% of the original protein content. 
As seen in FIGURE 9.9, the protein-depleted chro-
mosomes take the form of a protein-depleted 
metaphase scaffold that still resembles the 
general form of a mitotic chromosome, sur-
rounded by a halo of DNA.

The metaphase scaffold consists of a dense 
network of fibers. Threads of DNA emanate 
from the scaffold, apparently as loops of aver-
age length 10 to 30 µm (30 to 90 kb). The DNA 
can be digested without affecting the integrity 
of the scaffold, which consists of a set of specific 
proteins. This suggests a form of organization in 
which loops of DNA of ~60 kb are anchored in 
a central proteinaceous scaffold. In interphase 
nuclei, this underlying proteinaceous structure 
changes its organization to occupy the entire 
nucleus; during interphase this structure is 
referred to as the matrix rather than the scaffold.

The appearance of the scaffold resembles 
a mitotic pair of sister chromatids. The sister 
scaffolds usually are tightly connected (but 
sometimes are separate), and are joined only 
by a few fibers. Could this be the structure 
responsible for maintaining the shape of the 
mitotic chromosomes? Could it be generated by 
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198 CHAPTER 9 Chromosomes

bringing together the protein components that 
usually secure the bases of loops in interphase 
chromatin?

9.6  Specific Sequences 
Attach DNA to an 
Interphase Matrix

Key concepts
• DNA is attached to the nuclear matrix at specific 

sequences called MARs or SARs.
• The MARs are A-T-rich but do not have any specific 

consensus sequence.

Is DNA attached to the scaffold via specific 
sequences? DNA sites attached to proteinaceous 
structures in interphase nuclei are called MARs 
(matrix attachment regions); they are some-
times also called SARs (scaffold attachment 
regions), as the same sequences appear to 
attach to the protein substructure in both meta-
phase and interphase cells. (The nature of the 
structure in interphase cells to which they are 
connected is not clear.) Chromatin often 
appears to be attached to a matrix, and there 
have been many suggestions that this attach-
ment is necessary for transcription or replica-
tion. When nuclei are depleted of proteins, the 
DNA extrudes as loops from a residual protein-

aceous structure, as occurs in scaffold prepara-
tions. Attempts to relate the proteins found in 
this preparation to structural elements of intact 
cells have not been successful, though.

Are particular DNA regions associated with 
this matrix? In vivo and in vitro approaches are 
summarized in FIGURE 9.10. Both start by isolat-
ing the matrix as a crude nuclear preparation 
containing chromatin and nuclear proteins. 
Different treatments can then be used to char-
acterize DNA in the matrix or to identify DNA 
able to attach to it.

To analyze the existing MARs, the chro-
mosomal loops can be decondensed by extract-
ing the proteins. Removal of the DNA loops 
by treatment with restriction nucleases leaves 
only the (presumptive) in vivo MAR sequences 
attached to the matrix.

The complementary approach is to remove 
all the DNA from the matrix by treatment with 
DNase, at which point isolated fragments of 
DNA can be tested for their ability to bind to 
the matrix in vitro.

The same sequences should be associated 
with the matrix in vivo or in vitro. Once a potential 
MAR has been identified, the size of the minimal 
region needed for association in vitro can be deter-
mined by deletions. This enables us to identify 
proteins that bind to the MAR sequences.

FIGURE 9.9 Histone-depleted chromosomes consist of 
a protein scaffold to which loops of DNA are anchored. 
Reprinted from Cell, vol. 12, J. R. Paulson and U. K. Laem-
mli, The structure of histone-depleted metaphase chro-
mosomes, pp. 817–828. Copyright 1977, with permission 
from Elsevier [http://www.sciencedirect.com/science/
journal/00928674].  Photo courtesy of Ulrich K. Laemmli, 
University of Geneva, Switzerland.

FIGURE 9.10 Matrix-associated regions may be identified 
by characterizing the DNA retained by the matrix isolated 
in vivo or by identifying the fragments that can bind to 
the matrix from which all DNA has been removed.
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A surprising feature is the lack of conser-
vation of sequence in MAR fragments. They 
are usually ~70% A-T-rich, but otherwise lack 
any consensus sequences. Other interesting 
sequences, however, often are in the DNA 
stretch containing the MAR. cis-acting sites 
that regulate transcription are common, and 
a recognition site for topoisomerase II is usu-
ally present in the MAR. It is therefore possible 
that a MAR serves more than one function by 
providing a site for attachment to the matrix 
and containing other sites at which topological 
changes in DNA are effected.

What is the relationship between the 
chromosome scaffold of dividing cells and the 
matrix of interphase cells? Are the same DNA 
sequences attached to both structures? In sev-
eral cases, the same DNA fragments that are 
found with the nuclear matrix in vivo can be 
retrieved from the metaphase scaffold. Frag-
ments that contain MAR sequences can bind 
to a metaphase scaffold, so it therefore seems 
likely that DNA contains a single type of attach-
ment site. In interphase cells the attachment 
site is connected to the nuclear matrix, whereas 
in mitotic cells it is connected to the chromo-
some scaffold.

The nuclear matrix and chromosome scaf-
fold consist of different proteins, although there 
are some common components. Topoisomer-
ase II is a prominent component of the chro-
mosome scaffold, and is a constituent of the 
nuclear matrix. This suggests that the control 
of topology is important in both cases.

9.7  Chromatin Is Divided 
into Euchromatin and 
Heterochromatin

Key concepts
• Individual chromosomes can be seen only during 

mitosis.
• During interphase, the general mass of chromatin 

is in the form of euchromatin, which is slightly 
less tightly packed than mitotic chromosomes.

• Regions of heterochromatin remain densely 
packed throughout interphase.

Each chromosome contains a single, very long 
duplex of DNA, folded into a fiber that runs 
continuously throughout the chromosome. 
This explains why chromosome replication is 
semiconservative like the individual DNA mol-
ecule. (This would not necessarily be the case 
if a chromosome carried many independent 

molecules of DNA.) Thus in accounting for 
interphase chromatin and mitotic chromosome 
structure, we have to explain the packaging of 
a single, exceedingly long molecule of DNA into 
a form in which it can be transcribed and rep-
licated, and can become cyclically more and less 
compressed.

Individual eukaryotic chromosomes come 
into the limelight for a brief period, during 
the act of cell division. Only then can each be 
seen as a compact unit. FIGURE 9.11 is an elec-
tron micrograph of a replicated chromosome 
isolated and photographed at metaphase. The 
sister chromatids are evident at this stage, and 
will give rise to the daughter chromosomes 
upon their separation during the anaphase 
stage of mitosis. Each chromatid consists of a 
fiber with a diameter of ~30 nm and a nubbly 
appearance. The DNA is five to ten times more 
condensed in chromosomes than in interphase 
chromatin.

During most of the life cycle of the eukary-
otic cell, however, its genetic material occupies 
an area of the nucleus in which individual chro-
mosomes cannot be distinguished by conven-
tional microscopy. The global structure of the 
interphase chromatin does not change visibly 
between divisions. No disruption is evident dur-
ing the period of replication, when the amount 
of chromatin doubles. Chromatin is fibrillar, 
although the overall configuration of the fiber 
in space is hard to discern in detail. The fiber 
itself, however, is similar or identical to that of 
the mitotic chromosomes.

FIGURE 9.11 The sister chromatids of a mitotic pair each 
consist of a fiber (~30 nm in diameter) compactly folded 
into the chromosome. © Biophoto Associates/Photo 
Researchers, Inc.

Centromere
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200 CHAPTER 9 Chromosomes

As can be seen in the nuclear section of 
FIGURE 9.12, chromatin can be divided into two 
types of material:

• In most regions, the fibers are much 
less densely packed than in the mitotic 
chromosome. This material is called 
euchromatin. It has a relatively dis-
persed appearance in the nucleus and 
occupies most of the nuclear region in 
Figure 9.12.

• Some regions of chromatin are very 
densely packed with fibers, displaying 
a condition comparable to that of the 
chromosome at mitosis. This material 
is called heterochromatin. It is typi-
cally found at centromeres, but occurs 
at other locations as well. It passes 
through the cell cycle with relatively lit-
tle change in its degree of condensation. 
It forms a series of discrete clumps in 
Figure 9.12, but often the various het-
erochromatic regions, especially those 
associated with centomeres, aggregate 
into a densely staining chromocenter. 
The common form of heterochromatin 
that always remains heterochromatic 
is called constitutive heterochromatin. 
In contrast, there is another sort of 
heterochromatin, called facultative 
heterochromatin, in which regions of 
euchromatin are converted to a het-
erochromatic state.

The same fibers run continuously between 
euchromatin and heterochromatin, which 
implies that these states represent different 
degrees of condensation of the genetic mate-
rial. In the same way, euchromatic regions 

exist in different states of condensation dur-
ing interphase and during mitosis. Thus the 
genetic material is organized in a manner that 
permits alternative states to be maintained 
side by side in chromatin, and allows cyclical 
changes to occur in the packaging of euchroma-
tin between interphase and division. We discuss 
the molecular basis for these states in Chapter 
10, Chromatin, and Chapter 29, Epigenetic Effects 
Are Inherited.

The structural condition of the genetic 
material is correlated with its activity. The com-
mon features of constitutive heterochromatin 
are:

• It is permanently condensed.
• It often consists of multiple repeats of 

a few sequences of DNA that are not 
transcribed or are transcribed at very 
low levels. (Genes that reside in het-
erochromatic regions are generally 
less transcriptionally active than their 
euchromatic counterparts, but there are 
exceptions to this general rule.)

• The density of genes in this region is very 
much reduced compared with euchro-
matin, and genes that are translocated 
into or near it are often inactivated. The 
one dramatic exception to this is the 
ribosomal DNA in the nucleolus, which 
has the general compacted appearance 
and behavior of heterochromatin (such 
as late replication), yet is engaged in 
very active transcription.

• It replicates late in S phase and has a 
reduced frequency of genetic recom-
bination relative to euchromatic gene-
rich areas of the genome.

We have some molecular markers for 
changes in the properties of the DNA and pro-
tein components (see Section 29.3, Heterochro-
matin Depends on Interactions with Histones). They 
include reduced acetylation of histone proteins, 
increased methylation at particular sites on his-
tones, and hypermethylation of cytidine bases 
in DNA. These molecular changes result in 
the condensation of the chromatin, which is 
responsible for its inactivity.

Although active genes are contained within 
euchromatin, only a small minority of the 
sequences in euchromatin are transcribed at 
any time. Thus location in euchromatin is nec-
essary for gene expression, but is not sufficient 
for it.

FIGURE 9.12 A thin section through a nucleus stained 
with Feulgen shows heterochromatin as compact regions 
clustered near the nucleolus and nuclear membrane. 
Photo courtesy of Edmund Puvion, Centre National de la 
Recherche Scientifique.
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 9.8 Chromosomes Have Banding Patterns 201

9.8  Chromosomes Have 
Banding Patterns

Key concepts
• Certain staining techniques cause the chromo-

somes to have the appearance of a series of stria-
tions, which are called G-bands.

• The bands are lower in G-C content than the inter-
bands.

• Genes are concentrated in the G-C-rich interbands.

As a result of the diffuse state of chromatin, we 
cannot directly determine the specificity of its 
organization. We can, however, ask whether 
the structure of the (mitotic) chromosome is 
ordered. Do particular sequences always lie at 
particular sites, or is the folding of the fiber into 
the overall structure a more random event?

At the level of the chromosome, each 
member of the complement has a different 
and reproducible ultrastructure. When mitotic 
chromosomes are subjected to proteolytic 
enzyme (trypsin) treatment followed by stain-
ing with the chemical dye Giemsa, they gener-
ate distinct chromosome-specific patterns called 
G-bands. FIGURE 9.13 presents an example of 
the human set.

Until the development of this technique, 
human chromosomes could be distinguished 
only by their overall size and the relative loca-
tion of the centromere. G-banding allows each 
chromosome to be identified by its characteristic 
banding pattern. This pattern allows transloca-

tions from one chromosome to another to be 
identified by comparison with the original diploid 
set. FIGURE 9.14 shows a diagram of the bands of 
the human X chromosome. The bands are large 
structures, each ~107 bp of DNA, and each of 
which could include many hundreds of genes.

The banding technique is of enormous 
practical use, but the mechanism of banding 
remains a mystery. All that is certain is that 
the dye stains untreated chromosomes more 
or less uniformly. Thus the generation of bands 
depends on a variety of treatments that change 
the response of the chromosome (presumably 
by extracting the component that binds the 
stain from the nonbanded regions). Similar 
bands can be generated by an assortment of 
other treatments.

The only known feature that distinguishes 
bands from interbands is that the bands have 
a lower G-C content than the interbands. This 
is a peculiar result. If there are ~10 bands on a 
large chromosome with a total content of ~100 
Mb, this means that the chromosome is divided 
into regions of ~5 Mb in length that alternate 
between low G-C (band) and high G-C (inter-
band) content. There is a tendency for genes 
(as identified by hybridization with mRNAs) to 

FIGURE 9.13 G-banding generates a characteristic lat-
eral series of bands in each member of the chromosome 
set. Photo courtesy of Lisa Shaffer, Washington State 
University–Spokane.

FIGURE 9.14 The human X chromosome can be divided 
into distinct regions by its banding pattern. The short arm 
is p and the long arm is q; each arm is divided into larger 
regions that are further subdivided. This map shows a low 
resolution structure; at higher resolution, some bands are 
further subdivided into smaller bands and interbands, 
e.g., p21 is divided into p21.1, p21.2, and p21.3.
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202 CHAPTER 9 Chromosomes

be located in the interband regions. All of this 
argues for some long-range sequence-depen-
dent organization.

The human genome sequence confirms the 
basic observation. FIGURE 9.15 shows that there 
are distinct fluctuations in G-C content when 
the genome is divided into small tranches (DNA 
segments or lengths). The average of 41% G-C 
is common to mammalian genomes. There 
are regions as low as 30% or as high as 65%. 
The average length of regions with >43% G-C 
is 200 to 250 kb. This makes it clear that the 
band/interband structure does not correspond 
directly with the more numerous homoge-
neous segments that alternate in G-C content, 
although the bands do tend to contain a higher 
content of low G-C segments. Genes are con-
centrated in regions of higher G-C content. We 
have yet to understand how the G-C content 
affects chromosome structure.

9.9  Lampbrush Chromosomes 
Are Extended

Key concept
• Sites of gene expression on lampbrush chromo-

somes show loops that are extended from the 
chromosomal axis.

It would be extremely useful to visualize gene 
expression in its natural state in order to see 
what structural changes are associated with 
transcription. The compression of DNA in chro-
matin, coupled with the difficulty of identifying 
particular genes within it, makes it impossible 
to visualize the transcription of individual 
active genes.

Gene expression can be visualized directly 
in certain unusual situations in which the chro-
mosomes are found in a highly extended form 
that allows individual loci (or groups of loci) 
to be distinguished. Lateral differentiation of 
structure is evident in many chromosomes 

when they first appear for meiosis. At this 
stage, the chromosomes resemble a series of 
beads on a string. The beads are densely staining 
granules, properly known as chromomeres. 
Chromomeres are larger and distinct from indi-
vidual nucleosomes, which are also sometimes 
referred to as beads on a string (see Chapter 10, 
Chromatin).  In general, though, there is little 
gene expression at meiosis, and it is not prac-
 tical to use this material to identify the ac -
tivities of individual genes. An exceptional 
 situation that allows the material to be exam-
ined is presented by lampbrush chromo-
somes, which have been best characterized in 
certain amphibians.

Lampbrush chromosomes are formed dur-
ing an unusually extended meiosis, which can 
last up to several months. During this period, 
the chromosomes are structured as a stretched-
out form in which they can be visualized in 
the light microscope. At a later point during 
meiosis, the chromosomes revert to their usual 
compact size. Thus the extended state provides 
unique visual accessibility to the structure of 
the chromosome.

The lampbrush chromosomes are meiotic 
bivalents, each consisting of paired homologous 
chromosomes that have been replicated. The 
sister chromatids remain connected along their 
lengths and each homolog appears, therefore, 
as a single fiber. FIGURE 9.16 shows an example 
in which the homologs have desynapsed, and 
are held together only by chiasmata that indi-
cate points of chromosome crossover. Each sis-
ter chromatid pair forms a series of ellipsoidal 
chromomeres, ~1 to 2 µm in diameter, which 
are connected by a very fine thread. This thread 
contains the two sister duplexes of DNA and 
runs continuously along the chromosome, 
through the chromomeres.

The lengths of the individual lampbrush 
chromosomes in the newt Notophthalmus viride-

FIGURE 9.15 There are large fluctuations in G-C content 
over short distances. Each bar shows the percent of 20 kb 
fragments with the given G-C content.
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FIGURE 9.16 A lampbrush chromosome is a meiotic 
bivalent in which the two pairs of sister chromatids are 
held together at chiasmata (indicated by arrows). Photo 
courtesy of Joseph G. Gall, Carnegie Institution.
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scens range from 400 to 800 µm, compared with 
the range of 15 to 20 µm seen later in meio-
sis. Thus the lampbrush chromosomes are ~30 
times less compacted along their axes than their 
somatic counterparts. The total length of the 
entire lampbrush chromosome set is 5 to 6 mm 
and is organized into ~5000 chromomeres.

The lampbrush chromosomes take their 
name from the lateral loops that extrude from 
the chromomeres at certain positions. The 
arrangement of fibers around the chromosome 
axis resemble the cleaning fibers of a lampbrush. 
The loops extend in pairs, one from each sister 
chromatid. The loops are continuous with the 
axial thread, which suggests that they represent 
chromosomal material extruded from its more 
compact organization in the chromomere.

The loops are surrounded by a matrix of 
ribonucleoproteins that contain nascent RNA 
chains. Often, a transcription unit can be 
defined by the increase in the length of the RNP 
moving around the loop. An example is shown 
in FIGURE 9.17.

Thus the loop is an extruded segment of 
DNA that is being actively transcribed. In some 
cases, loops corresponding to particular genes 
have been identified. For these cases, the struc-
ture of the transcribed gene—and the nature of 
the product—can be scrutinized in situ.

9.10  Polytene Chromosomes 
Form Bands

Key concept
• Polytene chromosomes of dipterans have a series 

of bands that can be used as a cytological map.

The interphase nuclei of some tissues of the 
larvae of dipteran flies contain chromosomes 
that are greatly enlarged relative to their usual 
condition. They possess both increased diam-
eter and greater length. FIGURE 9.18 shows an 
example of a chromosome set from the salivary 
gland of D. melanogaster. The members of this set 
are called polytene chromosomes.

Each member of the polytene set consists 
of a visible series of bands (more properly, but 
rarely, described as chromomeres). The bands 
range in size from the largest, with a breadth 
of ~0.5 µm, to the smallest, at ~0.05 µm. (The 
smallest can be distinguished only under an 
electron microscope.) The bands contain most of 
the mass of DNA and stain intensely with appro-
priate reagents. The regions between them stain 
more lightly and are called interbands. There are 
~5000 bands in the D. melanogaster set.

The centromeres of all four chromosomes 
of D. melanogaster aggregate to form a chromo-
center that consists largely of heterochromatin. 
(In the male it includes the entire Y chromo-
some.) The remaining ~75% of the genome is 
organized into alternating bands and interbands 
in the polytene chromosomes. The length of 
the chromosome set is ~2000 µm. The DNA in 
extended form would stretch for ~40,000 µm, 
so the packing ratio is ~20. This demonstrates 
vividly the extension of the genetic material 
relative to the usual states of interphase chro-
matin or mitotic chromosomes.

What is the structure of these giant chro-
mosomes? Each is produced by the successive 
replications of a synapsed diploid pair of chro-
mosomes. The replicas do not separate, but 
instead remain attached to each other in their 
extended state. At the start of the process, each 
synapsed pair has a DNA content of 2C (where 
C represents the DNA content of the individual 
chromosome). This amount then doubles up to 
nine times, at its maximum giving a content of 
1024C. The number of doublings is different in 
the various tissues of the D. melanogaster larva.

FIGURE 9.17 A lampbrush chromosome loop is surrounded 
by a matrix of ribonucleoprotein. Reproduced from J. G. Gall, 
et al., Molecular Biology of the Cell 10 (1999): 4385–4402. 
Copyright 1999 by American Society of Cell Biology. Repro-
duced with permission of the American Society of Cell Biol-
ogy in the format of Textbook via Copyright Clearance Center. 
Photo courtesy of Joseph G. Gall, Carnegie Institution.
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Chromosome 
axis 

FIGURE 9.18 The polytene chromosomes of D. melano-
gaster form an alternating series of bands and interbands. 
Photo courtesy of José Bonner, Indiana University.
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204 CHAPTER 9 Chromosomes

Each chromosome can be visualized as a 
large number of parallel fibers running longitu-
dinally that are tightly condensed in the bands 
and less so in the interbands. It is likely that 
each fiber represents a single (C) haploid chro-
mosome. This gives rise to the name polytene 
(“many threads”). The degree of polyteny is the 
number of haploid chromosomes contained in 
the giant chromosome.

The banding pattern is characteristic for 
each strain of Drosophila. The constant number 
and linear arrangement of the bands was first 
noted in the 1930s, when it was realized that 
they form a cytological map of the chromosomes. 
Rearrangements—such as deletions, inversions, 
or duplications—result in alterations of the 
order of bands.

The linear array of bands can be equated 
with the linear array of genes. Thus genetic 
rearrangements, as seen in a linkage map, can 
be correlated with structural rearrangements 
of the cytological map. Ultimately, a particular 
mutation can be located in a particular band. 
The total number of genes in D. melanogaster 
exceeds the number of bands, so there are prob-
ably multiple genes in most or all bands.

The positions of particular genes on the 
cytological map can be determined directly by 
the technique of in situ hybridization. A mod-
ern version of this protocol using fluorescent 
probes was described in Section 3.5, Nucleic Acid 
Detection (see Figure 3.13). Although fluores-

cent probes are currently preferred, when the 
method was originally developed a radioactive 
probe representing the gene of interest was used; 
the protocol is summarized in FIGURE 9.19. A 
probe representing a gene (most often a labeled 
cDNA clone derived from the mRNA) is hybrid-
ized with the denatured DNA of the polytene 
chromosomes in situ. Autoradiography identi-
fies the position or positions of the correspond-
ing genes by the superimposition of grains at a 
particular band or bands. An example is shown 
in FIGURE 9.20. Using in situ hybridization, it is 
possible to determine directly the band within 
which a particular sequence lies.

9.11  Polytene Chromosomes 
Expand at Sites of Gene 
Expression

Key concept
• Bands that are sites of gene expression on poly-

tene chromosomes expand to give “puffs.”

One of the intriguing features of the polytene 
chromosomes is that transcriptionally active 
sites can be visualized. Some of the bands pass 
transiently through an expanded state in which 
they appear like a puff on the chromosome, 
when chromosomal material is extruded from 

Target cell

Freeze in dry ice
Wash with ethanol
Dip in agar solution
Denature DNA
Add radioactive probe
Wash off unreacted probe
Autoradiography

•
•
•
•
•
•
•

Target cells
squashed
on slide

Black areas are silver grains 
that identify sites where probe 
hybridized

In situ hybridization identifies bands

FIGURE 9.19 Individual bands containing particular 
genes can be identified by in situ hybridization.

FIGURE 9.20 A magnified view of bands 87A and 87C 
shows their hybridization in situ with labeled RNA 
extracted from heat-shocked cells. Photo courtesy of 
José Bonner, Indiana University.
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 9.12 The Eukaryotic Chromosome Is a Segregation Device 205

the axis. Examples of some very large puffs 
(called Balbiani rings) are shown in FIGURE 9.21.

What is the nature of the puff? It consists 
of a region in which the chromosome fibers 
unwind from their usual state of packing in 
the band. The fibers remain continuous with 
those in the chromosome axis. Puffs usually 
emanate from single bands, although when 
they are very large, as typified by the Balbiani 
rings, the swelling may be so extensive as to 
obscure the underlying array of bands.

The pattern of puffs is related to gene 
expression. During larval development, puffs 
appear and regress in temporal and tissue-spe-
cific patterns. A characteristic pattern of puffs 
is found in each tissue at any given time. Many 
puffs are induced by the hormone ecdysone 
that controls Drosophila development. Some 
puffs are induced directly by the hormone; 
others are induced indirectly by the products 
of earlier puffs.

The puffs are sites where RNA is being syn-
thesized. The accepted view of puffing has been 
that expansion of the band is a consequence of 
the need to relax its structure in order to syn-
thesize RNA. Puffing has therefore been viewed 
as a consequence of transcription. A puff can be 
generated by a single active gene. The sites of 
puffing differ from ordinary bands in accumu-
lating additional proteins, which include RNA 
polymerase II and other proteins associated 
with transcription.

The features displayed by lampbrush and 
polytene chromosomes suggest a general con-

clusion. In order to be transcribed, the genetic 
material is dispersed from its usual, more tightly 
packed state. The question to keep in mind is 
whether this dispersion at the gross level of the 
chromosome mimics the events that occur at 
the molecular level within the mass of ordinary 
interphase euchromatin.

Do the bands of a polytene chromosome 
have a functional significance? That is, does 
each band correspond to some type of genetic 
unit? You might think that the answer would 
be immediately evident from the sequence of 
the fly genome, because by mapping interbands 
to the sequence it should be possible to deter-
mine whether a band has any fixed type of 
identity. Thus far, though, no pattern has been 
found that identifies a functional significance 
for the bands.

9.12  The Eukaryotic 
Chromosome Is a 
Segregation Device

Key concept
• A eukaryotic chromosome is held on the mitotic 

spindle by the attachment of microtubules to the 
kinetochore that forms in its centromeric region.

During mitosis, the sister chromatids move to 
opposite poles of the cell. Their movement 
depends on the attachment of the chromosome 
to microtubules, which are connected at their 
other end to the poles. The microtubules com-
prise a cellular filamentous system, which is 
reorganized at mitosis so that they connect the 
chromosomes to the poles of the cell. The sites 
in the two regions where microtubule ends are 
organized—in the vicinity of the centrioles at 
the poles and at the chromosomes—are called 
microtubule organizing centers, or MTOCs.

FIGURE 9.22 illustrates the separation of  sister 
chromatids as mitosis proceeds from metaphase 
to telophase. The region of the chromosome 
that is responsible for its segregation at mito-
sis and meiosis is called the centromere. The 
centromeric region on each sister chromatid 
is moved along microtubules to the opposite 
pole. Opposing this motive force, “glue” pro-
teins called cohesins hold the sister chromatids 
together. Initially the sister chromatids separate 
at their centromeres, and then they are released 
completely from one another during anaphase 
when the cohesins are degraded. The centro-
mere is moved toward the pole during mitosis, 
and the attached chromosome appears to be 

FIGURE 9.21 Chromosome IV of the insect C. tentans 
has three Balbiani rings in the salivary gland. Reprinted 
from Cell, vol. 4, B. Daneholt, Transcription in polytene 
chromosomes, pp. 1–9. Copyright 1975, with permission 
from Elsevier [http://www.sciencedirect.com/science/
journal/00928674]. Photo courtesy of Bertil Daneholt, 
Karolinska Institutet.

Chromosome 
bands 

Site of puff 
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206 CHAPTER 9 Chromosomes

“dragged along” behind it. The chromosome 
therefore provides a device for attaching a large 
number of genes to the apparatus for division. 
The centromere essentially acts as the luggage 
handle for the entire chromosome and its loca-
tion typically appears as a constricted region 
connecting all four chromosome arms, as can be 
seen in the photo of Figure 9.11, which shows 
the sister chromatids at the metaphase stage 
of mitosis.

The centromere is essential for segregation, 
as shown by the behavior of chromosomes that 
have been broken. A single break generates 
one piece that retains the centromere, and 
another, an acentric fragment, that lacks 
it. The acentric fragment does not become 
attached to the mitotic spindle, and as a result 
it fails to be included in either of the daughter 
nuclei. When chromosome movement relies 
on discrete centromeres, there can be only one 
centromere per chromosome. When transloca-
tions generate chromosomes with more than 
one centromere, aberrant structures form at 
mitosis. This is because the two centromeres on 
the same sister chromatid can be pulled toward 
different poles, thus breaking the chromosome. 
In some species, though, the centromeres are 
holocentric, being diffuse and spread along the 
entire length of the chromosome. Species with 
holocentric chromosomes still make spindle 
fiber attachments for mitotic chromosome 
separation, but do not require one and only 
one regional or point centromere per chromo-
some. Most of the molecular analysis of cen-
tromeres has been done on canonical point 
(budding yeast) or regional (fly, mammalian, 
rice) centromeres.

The regions flanking the centromere often 
are rich in satellite DNA sequences and display 

a considerable amount of heterochromatin. The 
entire chromosome is condensed, though, so 
centromeric heterochromatin is not immedi-
ately evident in mitotic chromosomes. It can, 
however, be visualized by a technique that gen-
erates “C-bands.” In the example of FIGURE 9.23, 
all the centromeres show as darkly staining 
regions. Although it is common, heterochro-
matin cannot be identified around every known 
centromere, which suggests that it is unlikely to 
be essential for the division mechanism.

The centromeric chromatin comprises 
DNA sequences, specialized centromeric vari-
ants, and a group of specific proteins that are 
responsible for establishing the structure that 
attaches the chromosome to the microtubules. 
This structure is called the kinetochore. It 
is a darkly staining fibrous object of diameter 
or length ~400 nm. The kinetochore pro-
vides a microtubule attachment point on the 
chromosome.

Metaphase Anaphase Telophase 

Microtubules 
Centromere 

Cohesins 

FIGURE 9.22 Chromosomes are pulled to the poles via microtubules that attach at the 
centromeres. The sister chromatids are held together until anaphase by glue proteins 
(cohesins). The centromere is shown here in the middle of the chromosome (metacentric), 
but can be located anywhere along its length, including close to the end (acrocentric) and 
at the end (telocentric).

FIGURE 9.23 C-banding generates intense staining at the 
centromeres of all chromosomes. Photo courtesy of Lisa 
Shaffer, Washington State University–Spokane.
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9.13  Regional Centromeres 
Contain a Centromeric 
Histone H3 Variant and 
Repetitive DNA

Key concepts
• Centromeres are characterized by a centromere-

specific histone H3 variant, and often have 
heterochromatin that is rich in satellite DNA 
sequences.

• Centromeres in higher eukaryotic chromosomes 
contain large amounts of repetitive DNA and 
unique histone variants.

• The function of repetitive DNA is not known.

The region of the chromosome at which the 
centromere forms was originally thought to be 
defined by DNA sequences, yet recent studies 
in plants, animals, and fungi have shown that 

centromeres are more likely to be specified epi-
genetically by chromatin structure. Centro-
mere-specific histone H3 (CENP-A/CenH3; see 
Section 10.5, Histone Variants Produce Alternative 
Nucleosomes) appears to be a primary determi-
nant in establishing functional centromeres 
and kinetochore assembly sites. This finding 
explains the old puzzle of why specific DNA 
sequences could not be identified as “the cen-
tromeric DNA” and why there is so much varia-
tion in centromere-associated DNA sequences 
among closely related species. FIGURE 9.24 shows 
a model for the epigenetic specification of cen-
tromeres, with the kinetochore connecting to 
the clusters of CenH3 nucleosomes, which pro-
trude from the bulk chromatin.  This model 
explains how centromeres can reposition them-
selves without concomitant transposition of 
satellite DNA sequences. New questions of cen-
tromere function include what determines or 

FIGURE 9.24 A model of the overall structure of a regional centromere. The 
CenH3-containing nucleosomes (orange) occur in clusters that protrude from 
the chromosome and bind to kinetochore proteins that in turn connect to 
spindle microtubules. Adapted from Y. Datal, et al., Proc. Natl. Acad. Sci. USA 
104 (2007): 15974–15981.
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208 CHAPTER 9 Chromosomes

restricts the sites of CenH3 installation, and 
how do chromosomes maintain one such 
region per chromosome?

Centromeres are highly specialized chro-
matin structures that occupy the same site for 
many generations, despite the fact that they 
can be repositioned without DNA transposition. 
In eukaryotic chromosomes, the centromere-
specific histone H3 variant CenH3 (CENP-A 
in humans) replaces the normal H3 histone 
at sites where centromeres reside and kineto-
chores attach chromosomes to spindle fibers. 
This specialized centromeric chromatin is the 
foundation for binding of other centromere-
associated proteins. This view represents a para-
digm shift in how we understand centromere 
formation, identity, and function. CenH3 is a 
nucleosomal protein and not a DNA sequence 
per se; thus the centromere is now regarded as 
being primarily epigenetic in its specification. 
The role of satellite DNA sequences, which are 
also characteristic of centromeres, remains dif-
ficult to ascertain, despite their prevalence and 
conservation.

The length of DNA required for centromeric 
function is often quite long. The short, discrete 
elements of Saccharomyces cerevisiae may be an 
exception to the general rule. S. cerevisiae is the 
only case so far in which centromeric DNA can 
be identified by its ability to confer stability on 
plasmids. A related approach, though, has been 
used with the yeast Schizosaccharomyces pombe. 
S. pombe has only three chromosomes, and the 
region containing each centromere has been 
identified by deleting most of the sequences 
of each chromosome to create a stable mini-
chromosome. This approach locates the cen-
tromeres within regions of 40 to 100 kb that 
consist largely or entirely of repetitious DNA. 
Attempts to localize centromeric functions in 
Drosophila chromosomes suggest that they are 
dispersed in a large region of 200 to 600 kb. 
The large size of this type of centromere may 
reflect multiple specialized functions, includ-
ing kinetochore assembly and sister chromatid 
pairing.

The size of the centromere in Arabidopsis 
is comparable. Each of the five chromosomes 
has a centromeric region in which recombi-
nation is very largely suppressed. This region 
occupies >500 kb. The primary motif compris-
ing the heterochromatin of primate centro-
meres is the α satellite DNA, which consists 
of tandem arrays of a 171 bp repeating unit 
(see Section 7.5, Satellite DNAs Often Lie in Het-
erochromatin). There is significant variation 

between individual repeats, although those 
at any centromere tend to be better related to 
one another than to members of the family in 
other locations.

Current models for regional centromere 
 organization and function invoke alternating 
 chromatin domains, with clusters of CenH3 
nucleosomes interspersed among clusters of 
nucleosomes with H3 and H2A.Z. The CenH3 
nucleosomes form the chromatin foundation 
for recruitment and assembly of the other pro-
teins that eventually comprise a functional 
kinetochore. The formation of neocentromeres 
that contain CenH3, but not α-satellite DNA, 
provide important evidence for the idea of cen-
tromeres being epigenetically determined. Key 
questions remain as to the role of repetitive 
DNA and alternating chromatin domains in 
forming the large bipartite kinetochore struc-
ture on replicated sister centromeres.

9.14  Point Centromeres in 
S. cerevisiae Contain 
Short, Essential DNA 
Sequences

Key concepts
• CEN elements are identified in S. cerevisiae by the 

ability to allow a plasmid to segregate accurately 
at mitosis.

• CEN elements consist of the short, conserved 
sequences CDE-I and CDE-III that flank the A-T-
rich region CDE-II.

If a centromeric sequence of DNA is responsible 
for segregation, any molecule of DNA possess-
ing this sequence should move properly at cell 
division, whereas any DNA lacking it should 
fail to segregate. This prediction has been used 
to isolate centromeric DNA in the yeast S. cere-
visiae. Yeast chromosomes do not display visible 
kinetochores comparable to those of multicel-
lular eukaryotes, but otherwise divide at mito-
sis and segregate at meiosis by the same 
mechanisms.

Genetic engineering has produced plasmids 
of yeast that are replicated like chromosomal 
sequences (see Section 11.8, Replication Origins 
Can Be Isolated in Yeast). They are unstable at 
mitosis and meiosis, though, and disappear 
from a majority of the cells because they seg-
regate erratically. Fragments of chromosomal 
DNA containing centromeres have been iso-
lated by their ability to confer mitotic stability 
on these plasmids.
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A centromeric DNA region (CEN) fragment 
is identified as the minimal sequence that can 
confer stability upon such a plasmid. Another 
way to characterize the function of such 
sequences is to modify them in vitro and then 
reintroduce them into the yeast cell, where 
they replace the corresponding centromere on 
the chromosome. This allows the sequences 
required for CEN function to be defined directly 
in the context of the chromosome.

A CEN fragment derived from one chromo-
some can replace the centromere of another 
chromosome with no apparent consequence. 
This result suggests that centromeres are inter-
changeable. They are used simply to attach the 
chromosome to the spindle, and play no role in 
distinguishing one chromosome from another.

The sequences required for centromeric 
function fall within a stretch of ~120 bp. The 
centromeric region is packaged into a nuclease-
resistant structure and binds a single microtu-
bule. We may therefore look to the S. cerevisiae 
centromeric region to identify proteins that 
bind centromeric DNA and proteins that con-
nect the chromosome to the spindle.

As summarized in FIGURE 9.25, three types 
of sequence element can be distinguished in 
the CEN region:

• Cell cycle-dependent element (CDE)-I 
is a sequence of 9 bp that is conserved 
with minor variations at the left bound-
ary of all centromeres.

• CDE-II is a >90% A-T-rich sequence of 
80 to 90 bp found in all centromeres; 
its function could depend on its length 
rather than exact sequence. Its con-
stitution is reminiscent of some short, 
tandemly repeated (satellite) DNAs (see 
Section 7.6, Arthropod Satellites Have Very 
Short Identical Repeats). Its base compo-
sition may cause some characteristic 
distortions of the DNA double helical 
structure.

• CDE-III is an 11 bp sequence highly 
conserved at the right boundary of all 
centromeres. Sequences on either side 
of the element are less well conserved, 
and may also be needed for centromeric 
function. (CDE-III could be longer than 
11 bp if it turns out that the flanking 
sequences are essential.)

Mutations in CDE-I or CDE-II reduce, but do 
not inactivate, centromere function, but point 
mutations in the central CCG of CDE-III com-
pletely inactivate the centromere.

9.15  The S. cerevisiae 
Centromere Binds 
a Protein Complex

Key concepts
• A specialized protein complex that is an alterna-

tive to the usual chromatin structure is formed at 
CDE-II.

• The CBF3 protein complex that binds to CDE-III is 
essential for centromeric function.

• The proteins that bind CEN serve as an assembly 
platform for the kinetochore and provide the con-
nection to microtubules.

Can we identify proteins that are necessary for 
the function of CEN sequences? There are sev-
eral genes in which mutations affect chro-
mosome segregation, and whose proteins are 
localized at centromeres. The contributions of 
these proteins to the centromeric structure are 
summarized in FIGURE 9.26.

The CEN region recruits three DNA-binding 
factors: Cbf1, CBF3 (an essential four-protein 
complex), and Mif2 (CENP-C in multicellular 
eukaryotes). In addition, a specialized chro-
matin structure is built by binding the CDE-II 

CDE-I CDE-III 80–90 bp, >90% A + T CDE-II

TCACATGATGATATTTGATTTTATTATATTTTTAAAAAAAGTAAAAAATAAAAAGTAGTTTATTTTTAAAAAATAAAATTTAAAATATTTCACAAAATGATTTCCGAA 
AGTGTACTACTATAAACTAAAATAATATAAAAATTTTTTTCATTTTTTATTTTTCATCAAATAAAAATTTTTTATTTTAAATTTTATAAAGTGTTTTACTAAAGGCTT 

FIGURE 9.25 Three conserved regions can be identified by the sequence homologies between yeast CEN elements.

FIGURE 9.26 The DNA at CDE-II is wound around an alter-
native nucleosome including Cse4, CDE-III is bound by 
the CBF3 complex, and CDE-I is bound by a Cbf1 homodi-
mer. These proteins are connected by the group of Ctf19, 
Mcm21, and Okp1 proteins, and numerous other factors 
serve to link this complex to a microtubule.
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containing

nucleosome
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CDE-I CDE-III
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region to a protein called Cse4, a variant of the 
histone proteins that comprise the basic sub-
units of chromatin (CENP-A in multicellular 
eukaryotes; see Section 10.5, Histone Variants Pro-
duce Alternative Nucleosomes). A protein called 
Scm3 is required for proper association of Cse4 
with CEN. Inclusion of histone variants related 
to Cse4 are a universal aspect of centromere 
construction in all species. The basic interac-
tion consists of bending the DNA of the CDE-II 
region around a protein aggregate; the reaction 
is probably assisted by the occurrence of intrin-
sic bending in the CDE-II sequence.

CDE-I is bound by a homodimer of Cbf1; 
this interaction is not essential for centromere 
function, but in its absence the fidelity of chro-
mosome segregation is reduced ~10�. The 240 
kD heterotetramer CBF3, binds to CDE-III. This 
interaction is essential for centromeric function.

The proteins bound at CDE-I, CDE-II, and 
CDE-III also interact with another group of pro-
teins (Ctf19, Mcm21, and Okp1), which in turn 
link the centromeric complex to the kineto-
chore proteins (~70 individual kinetochore 
proteins have been identified in yeast) and to 
the microtubule.

The overall model suggests that the com-
plex is localized at the centromere by a protein 
structure that resembles the normal building 
block of chromatin (the nucleosome). The 
bending of DNA at this structure allows pro-
teins bound to the flanking elements to become 
part of a single complex. The DNA-binding 
components of the complex form a scaffold for 
assembly of the kinetochore, linking the cen-
tromere to the microtubule. The construction 
of kinetochores follows a similar pattern, and 
uses related components, in a wide variety of 
organisms.

9.16  Telomeres Have Simple 
Repeating Sequences

Key concepts
• The telomere is required for the stability of the 

chromosome end.
• A telomere consists of a simple repeat where a 

C+A-rich strand has the sequence C>1(A/T)1–4.

Another essential feature in all chromosomes 
is the telomere, which “seals” the chromo-
some ends. We know that the telomere must 
be a special structure, because chromosome 
ends generated by breakage are “sticky” and 
tend to react with other chromosomes, whereas 
natural ends are stable.

We can apply two criteria in identifying a 
telomeric sequence:

• It must lie at the end of a chromosome 
(or, at least at the end of an authentic 
linear DNA molecule).

• It must confer stability on a linear mol-
ecule.

The problem of finding a system that offers 
an assay for function again has been brought 
to the molecular level by using yeast. All of 
the plasmids that survive in yeast (by virtue of 
possessing ARS and CEN elements) are circular 
DNA molecules. Linear plasmids are unstable 
(because they are degraded). Could an authen-
tic telomeric DNA sequence confer stability on 
a linear plasmid? Fragments from yeast DNA 
that prove to be located at chromosome ends 
can be identified by such an assay, and a region 
from the end of a known natural linear DNA 
molecule—the extrachromosomal rDNA of 
Tetrahymena—is able to render a yeast plasmid 
stable in linear form.

Telomeric sequences have been character-
ized from a wide range of eukaryotes. The same 
type of sequence is found in plants and humans, 
so the construction of the telomere seems to 
follow a nearly universal principle. Each telo-
mere consists of a long series of short, tandemly 
repeated sequences. There may be 100 to 1000 
repeats, depending on the organism.

All telomeric sequences can be written in the 
general form Cn(A/T)m, where n > 1 and m is 1 
to 4. FIGURE 9.27 shows a generic example. One 
unusual property of the telomeric sequence is the 
extension of the G-T-rich strand, which for 14 
to 16 bases is usually a single strand. The G-tail 
is probably generated because there is a specific 
limited degradation of the C-A-rich strand.

Some indications about how a telomere 
functions are given by some unusual properties 
of the ends of linear DNA molecules. In a try-
panosome population, the ends vary in length. 
When an individual cell clone is followed, the 
telomere grows longer by 7 to 10 bp (one to two 
repeats) per generation. Even more revealing 

CCCCAACCCCAACCCCAA 
GGGGTTGGGGTTGGGGTTGGGGTTGGGGTTGGGGTT 

5� 
3� 

CCCCAACCCCAACCCCAACCCCAACCCCAACCCCAA 
GGGGTTGGGGTTGGGGTTGGGGTTGGGGTTGGGGTT 

FIGURE 9.27 A typical telomere has a simple repeat-
ing structure with a G-T-rich strand that extends beyond 
the C-A-rich strand. The G-tail is generated by a limited 
degradation of the C-A-rich strand.
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is the fate of ciliate telomeres introduced into 
yeast. After replication in yeast, yeast telomeric 
repeats are added onto the ends of the Tetrahy-
mena repeats.

Addition of telomeric repeats to the end 
of the chromosome in every replication cycle 
could solve the difficulty of replicating linear 
DNA molecules discussed in Section 12.2, The 
Ends of Linear DNA Are a Problem for Replication. 
The addition of repeats by de novo synthesis 
would counteract the loss of repeats resulting 
from failure to replicate up to the end of the 
chromosome. Extension and shortening would 
be in dynamic equilibrium.

If telomeres are continually being length-
ened (and shortened), their exact sequence 
may be irrelevant. All that is required is for the 
end to be recognized as a suitable substrate for 
addition. This explains how the ciliate telomere 
functions in yeast.

9.17  Telomeres Seal the 
Chromosome Ends 
and Function in Meiotic 
Chromosome Pairing

Key concept
• The protein TRF2 catalyzes a reaction in which 

the 3� repeating unit of the G+T-rich strand forms 
a loop by displacing its homolog in an upstream 
region of the telomere.

Isolated telomeric fragments do not behave 
as though they contain single-stranded DNA; 
instead, they show aberrant electrophoretic 
mobility and other properties.

Guanine bases have an unusual capacity to 
associate with one another. The single-stranded 
G-rich tail of the telomere can form “quartets” of 
G residues. Each quartet contains four guanines 
that hydrogen bond with one another to form a 
planar structure. Each guanine comes from the 
corresponding position in a successive TTAGGG 
repeating unit. FIGURE 9.28 shows an organiza-
tion based on a recent crystal structure. The 
quartet that is illustrated represents an associa-
tion between the first guanine in each repeating 
unit. It is stacked on top of another quartet that 
has the same organization, but is formed from 
the second guanine in each repeating unit. A 
series of quartets could be stacked like this in a 
helical manner. Although the formation of this 
structure attests to the unusual properties of the 
G-rich sequence in vitro, it does not of course 
demonstrate whether the quartet forms in vivo.

What feature of the telomere is responsible 
for the stability of the chromosome end? FIG-
URE 9.29 shows that a loop of DNA forms at the 
telomere. The absence of any free end may be 
the crucial feature that stabilizes the end of the 
chromosome. The average length of the loop in 
animal cells is 5 to 10 kb. The loop is formed 
when the 3� single-stranded end of the telo-
mere (TTAGGG)n displaces the same sequence 
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FIGURE 9.28 The crystal structure of a short repeating sequence from the human telomere forms three stacked G quartets. The top quartet contains 
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212 CHAPTER 9 Chromosomes

in an upstream region of the telomere. This 
converts the duplex region into a structure like 
a D-loop, where a series of TTAGGG repeats 
are displaced to form a single-stranded region, 
and the tail of the telomere is paired with the 
homologous strand.

The reaction is catalyzed by the telomere-
binding protein TRF2, which together with 
other proteins forms a complex that stabilizes 
the chromosome ends. Its importance in pro-

tecting the ends is indicated by the fact the dele-
tion of TRF2 causes chromosome rearrange-
ments to occur.

In mammals, six telomeric proteins (TRF1, 
TRF2, Rap1, TIN2, TPP1, and POT1) comprise 
a complex called shelterin, depicted in FIG-
URE 9.30. Shelterin functions to protect telo-
meres from DNA damage repair pathways and 
to regulate telomere length control by telo-
merase. Increasing roles for telomeres in aging, 
cancer, and cell differentiation reveal that telo-
meres are more than static caps at the ends of 
linear chromosomes.

Besides their role in capping the ends of 
linear chromosomes, telomeres also have an 
ancient and conserved function in meiosis, 
where they cluster on the nuclear envelope 
just prior to homologous chromosome synapsis. 
This clustering defines the “bouquet” stage of 
meiosis, as shown in FIGURE 9.31, and represents 
a once-in-a-life cycle configuration. The telo-
mere clustering involves motility forces that act 
across the nuclear envelope via microtubules, 
actin, or other filamentous systems. Genetic dis-
ruption of meiotic telomere clustering results 
in chromosome recombination and segregation 
defects, including the production of aneuploid 
daughter cells or sterility. Interestingly, fruit 
flies, which lack canonical telomerase-based 
telomeres, do not exhibit meiotic telomere clus-
tering, but have evolved other mechanisms to 
ensure homologous chromosome pairing.

End of loop 

Chromosome 

5� end 
3� end 

TRF2 

T T A G G G 

A A T C C C 
TTAGGG 3� 
AATCCC 

TTAGGG 
AATCCC 

T T A G G 
G 

TTAGGG 
AATCCC 

FIGURE 9.29 A loop forms at the end of chromo-
somal DNA. The 3� single-stranded end of the telomere 
(TTAGGG) n displaces the homologous repeats from duplex 
DNA to form a t-loop. The reaction is catalyzed by TRF2. 
Photo courtesy of Jack Griffith, University of North Caro-
lina at Chapel Hill.

FIGURE 9.30 A schematic of how shelterin might be 
positioned on telomeric DNA, highlighting the duplex 
telomeric DNA interactions of TRF1 and TRF2 and the 
binding of POT1 to the single-stranded TTAGGG repeats. 
Although one of the shelterin complexes may have the 
depicted structure, telomeres contain numerous copies of 
the complex bound along the ds TTAGGG repeat array. It is 
not known whether all (or even most) shelterin is present 
as a six-protein complex. Nucleosomes are omitted for 
simplicity. Reprinted, with permission, from the Annual 
Review of Genetics, Volume 42 © 2008 by Annual Reviews 
www.annualreviews.org. Courtesy of Titia de Lange, The 
Rockefeller University.
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9.18  Telomeres Are 
Synthesized by a 
Ribonucleoprotein 
Enzyme

Key concepts
• Telomerase uses the 3�-OH of the G+T telomeric 

strand to prime synthesis of tandem TTGGGG 
repeats.

• The RNA component of telomerase has a sequence 
that pairs with the C+A-rich repeats.

• One of the protein subunits is a reverse transcrip-
tase that uses the RNA as template to synthesize 
the G+T-rich sequence.

The telomere has three widely conserved 
functions:

• The first is to protect the chromosome 
end. Any other DNA end—for example, 
the end generated by a double-strand 
break—becomes a target for repair sys-
tems. The cell has to be able to distin-
guish the telomere.

• The second is to allow the telomere to 
be extended. If it is not extended, it 
becomes shorter with each replication 
cycle (because replication cannot start 
at the very end).

• The third is to facilitate meiotic chromo-
some reorganization for efficient pair-

ing and recombination of homologous 
chromosomes.

Proteins that bind to the telomeres con-
tribute to the solution of all of these. In yeast, 
different sets of proteins solve the first two 
problems, but both are bound to the telomere 
via the same protein, Cdc13:

• The Stn1 protein protects against de -
gradation (specifically, against any 
extension of the degradation of the 
C-A-strand that generates the G-tail).

• A telomerase enzyme extends the 
C-A-rich strand. Its activity is influ-
enced by two proteins that have ancil-
lary roles, such as controlling the length 
of the extension.

The telomerase uses the 3�–OH of the G+T 
telomeric strand as a primer for synthesis of tan-
dem TTGGGG repeats. Only dGTP and dTTP are 
needed for the activity. The telomerase is a large 
ribonucleoprotein that consists of a templating 
RNA (coded by TLC1) and a protein with cata-
lytic activity (EST2). The short RNA component 
(159 bases long in Tetrahymena, and 192 bases 
long in Euplotes) includes a sequence of 15 to 
22 bases that is identical to two repeats of the 
C-rich repeating sequence. This RNA provides 
the template for synthesizing the G-rich repeat-
ing sequence. The protein component of the 
telomerase is a catalytic subunit that can act 
only upon the RNA template provided by the 
nucleic acid component.

FIGURE 9.32 shows the action of telomer-
ase. The enzyme progresses discontinuously: 
the template RNA is positioned on the DNA 
primer, several nucleotides are added to the 
primer, and then the enzyme translocates to 
begin again. The telomerase is a specialized 
example of a reverse transcriptase, an enzyme 
that synthesizes a DNA sequence using an RNA 
template (see Section 17.13, Viral DNA Is Gener-
ated by Reverse Transcription). We do not know 
how the complementary (C-A-rich) strand of 
the telomere is assembled, but we may specu-
late that it could be synthesized by using the 
3�–OH of a terminal G-T hairpin as a primer 
for DNA synthesis.

Telomerase synthesizes the individual 
repeats that are added to the chromosome 
ends, but does not itself control the number of 
repeats. Other proteins are involved in deter-
mining the length of the telomere. They can 
be identified by the EST1 and EST3 mutants in 

FIGURE 9.31 The meiotic telomere cluster is visualized 
by telomere FISH. Microscopic image of a maize nucleus 
fixed at meiotic prophase (zygotene stage), subjected 
to telomere (green) and centromere (white) FISH, and 
counterstained for total DNA with DAPI (red). This 
pseudo-colored image is a 2-D projection of a 3D, multi-
color image dataset. Photo courtesy of S. P. Murphy and 
H. W. Bass, Florida State University.
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214 CHAPTER 9 Chromosomes

yeast that have altered telomere lengths. These 
proteins may bind telomerase and influence the 
length of the telomere by controlling the access 
of telomerase to its substrate. Proteins that bind 
telomeres in mammalian cells have been found, 
but less is known about their functions.

Each organism has a characteristic range of 
telomere lengths. They are long in mammals 
(typically 5 to 15 kb in humans) and short in 
yeast (typically ~300 bp in S. cerevisiae). The 
basic control mechanism is that the probabil-
ity that a telomere will be a substrate for telo-
merase increases as the length of the telomere 
shortens; we do not know if this is a continu-
ous effect or if it depends on the length falling 
below some critical value. When telomerase 
acts on a telomere, it may add several repeating 
units. The enzyme’s intrinsic mode of action is 
to dissociate after adding one repeat; addition 
of several repeating units depends on other pro-
teins that cause telomerase to undertake more 
than one round of extension. The number of 
repeats that is added is not influenced by the 

length of the telomere itself, but instead is con-
trolled by ancillary proteins that associate with 
telomerase.

The minimum features required for exis-
tence as a chromosome are:

• Telomeres to ensure survival.
• A centromere to support segregation.
• An origin to initiate replication.

All of these elements have been put 
together to construct a yeast artificial chromo-
some (YAC; see Section 3.4, Cloning Vectors Can 
Be Specialized for Different Purposes). This is a use-
ful method for perpetuating foreign sequences. 
It turns out that the synthetic chromosome is 
stable only if it is longer than 20 to 50 kb. We do 
not know the basis for this effect, but the ability 
to construct a synthetic chromosome allows 
us to investigate the nature of the segregation 
device in a controlled environment.

9.19  Telomeres Are Essential 
for Survival

Key concepts
• Telomerase is expressed in actively dividing cells 

and is not expressed in quiescent cells.
• Loss of telomeres results in senescence.
• Escape from senescence can occur if telomerase is 

reactivated, or via unequal homologous recombi-
nation to restore telomeres.

Telomerase activity is found in all dividing cells 
and is generally turned off in terminally dif-
ferentiated cells that do not divide. FIGURE 9.33 
shows that if telomerase is mutated in a divid-
ing cell, the telomeres become gradually shorter 
with each cell division. An example of the 
effects of such a mutation in yeast is shown in 
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FIGURE 9.32 Telomerase positions itself by base pairing 
between the RNA template and the protruding single-
stranded DNA primer. It adds G and T bases one at a time 
to the primer, as directed by the template. The cycle starts 
again when one repeating unit has been added.

FIGURE 9.33 Mutation in telomerase causes telomeres to 
shorten in each cell division. Eventual loss of the telomere 
causes chromosome breaks and rearrangements.

Telomere Telomere 
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FIGURE 9.34, where the telomere length shortens 
over ~120 generations from 400 bp to zero.

Loss of telomeres has dire effects. When 
the telomere length reaches zero, it becomes 
difficult for the cells to divide successfully. 
Attempts to divide typically generate chromo-
some breaks and translocations. This causes an 
increased rate of mutation. In yeast this is asso-
ciated with a loss of viability and the culture 
becomes predominantly occupied by senescent 
cells (which are elongated and nondividing, and 
eventually die).

Some cells grow out of the senescing cul-
ture. They have acquired the ability to extend 
their telomeres by an alternative to telomerase 

activity. The survivors fall into two groups. The 
members of one group have circularized their 
chromosomes: they now have no telomeres, 
and as a result they have become independent 
of telomerase. The other group uses unequal 
crossing-over to extend their telomeres (FIG-
URE 9.35). The telomere is a repeating struc-
ture, so it is possible for two telomeres to mis-
align when chromosomes pair. Recombination 
between the mispaired regions generates an 
unequal crossing-over, as shown previously in 
Figure 7.3: when the length of one recombinant 
chromosome increases, the length of the other 
decreases.

Cells usually suppress unequal crossing-
over because of its potentially deleterious 
consequences. Two systems are responsible 
for  suppressing crossing-over between telo-
meres. One is provided by telomere-binding 
proteins. In yeast, the frequency of recombina-
tion between telomeres is increased by deletion 
of the gene TAZ1, which codes for a protein 
that regulates telomerase activity. The second 
is a general system that undertakes mismatch 
repair. In addition to correcting mismatched 
base pairs that may arise in DNA, this system 
suppresses recombination between mispaired 
regions. As shown in Figure 9.35, this includes 
telomeres. When it is mutated, a greater pro-
portion of telomerase-deficient yeast survives 
the loss of telomeres because recombination 
between telomeres generates some chromo-
somes with longer telomeres.

When eukaryotic cells are placed in cul-
ture, they usually divide for a fixed number 
of generations and then enter senescence. The 
reason appears to be a decline in telomere 
length because of the absence of telomerase 
expression. Cells enter a crisis from which some 
emerge, but typically the cells that emerge 
have chromosome rearrangements that have 
resulted from lack of protection of chromosome 
ends. These rearrangements may cause muta-
tions that contribute to the tumorigenic state. 
The absence of telomerase expression in this 
situation is due to failure to express the gene, 
and reactivation of telomerase is one of the 
mechanisms by which these cells then survive 
continued culture.

9.20  Summary
The genetic material of all organisms and viruses 
takes the form of tightly packaged nucleopro-
tein. Some virus genomes are inserted into 
preformed virions, whereas others assemble a 

FIGURE 9.34 Telomere length is maintained at ~350 bp 
in wild-type yeast, but a mutant in the trt1 gene coding 
for the RNA component of telomerase rapidly shortens its 
telomeres to zero length. Reproduced from T. M. Naka-
mura, et al., Science 277 (1997): 955–959 [http://www
.sciencemag.org]. Reprinted with permission from AAAS. 
Photo courtesy of Thomas R. Cech, Howard Hughes Medi-
cal Institute.
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FIGURE 9.35 Crossing-over in telomeric regions is usually 
suppressed by mismatch-repair systems, but can occur 
when they are mutated. An unequal crossing-over event 
extends the telomere of one of the products, allowing 
the chromosome to survive in the absence of telomerase.
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216 CHAPTER 9 Chromosomes

protein coat around the nucleic acid. The bacte-
rial genome forms a dense nucleoid, with ~20% 
protein by mass, but details of the interaction 
of the proteins with DNA are not known. The 
DNA is organized into ~100 domains that main-
tain independent supercoiling, with a density 
of unrestrained supercoils corresponding to 
~1/100 to 200 bp. In eukaryotes, interphase 
chromatin and metaphase chromosomes both 
appear to be organized into large loops. Each 
loop may be an independently supercoiled 
domain. The bases of the loops are connected 
to a metaphase scaffold or to the nuclear matrix 
by specific DNA sites.

Transcriptionally active sequences reside 
within the euchromatin that comprises the 
majority of interphase chromatin. The regions 
of heterochromatin are packaged ~5 to 10� 
more compactly, and are transcriptionally 
inert. All chromatin becomes densely pack-
aged during cell division, when the individ-
ual chromosomes can be distinguished. The 
existence of a reproducible ultrastructure in 
mammalian chromosomes is indicated by 
the production of G-bands by treatment with 
Giemsa stain. The bands are very large regions 
(~107 bp) that can be used to map chromo-
somal translocations or other large changes 
in structure.

Lampbrush chromosomes of amphibians 
and polytene chromosomes of insects have 
unusually extended structures, with packing 
ratios <100. Polytene chromosomes of D. mela-
nogaster are divided into ~5000 bands. These 
bands vary in size by an order of magnitude, 
with an average of ~25 kb. Transcriptionally 
active regions can be visualized in even more 
unfolded (“puffed”) structures, in which mate-
rial is extruded from the axis of the chromo-
some. This may resemble the changes that 
occur on a smaller scale when a sequence in 
euchromatin is transcribed.

The centromeric region contains the 
kinetochore, which is responsible for attach-
ing a chromosome to the mitotic spindle. The 
centromere often is surrounded by hetero-
chromatin. Centromeric sequences have been 
identified only in yeast S. cerevisiae, where 
they consist of short, conserved elements. 
These elements, CDE-I and CDE-III, bind Cbf1 
and the CBF3 complex, respectively, and a 
long A-T-rich region called CDE-II binds 
Cse4 to form a specialized structure in chro-
matin. Another group of proteins that binds 
to this assembly provides the connection to 
microtubules.

Telomeres make the ends of chromosomes 
stable. Almost all known telomeres consist of 
multiple repeats in which one strand has the 
general sequence Cn(A/T)m, where n > 1 and 
m = 1 to 4. The other strand, Gn(T/A)m, has a 
single protruding end that provides a template 
for addition of individual bases in defined order. 
The enzyme telomerase is a ribonucleoprotein 
whose RNA component provides the template 
for synthesizing the G-rich strand. This over-
comes the problem of the inability to replicate at 
the very end of a duplex. The telomere stabilizes 
the chromosome end because the overhanging 
single strand Gn(T/A)m displaces its homolog in 
earlier repeating units in the telomere to form 
a loop, so there are no free ends that resemble 
double-strand breaks.
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