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FIGURE 2-19 The five different levels of DNA organization in eukaryotic cells. Note that two types of Level 5
(heterochromatin) are shown: 5A is found in nondividing (interphase) cells, and 5B is found only in cells undergoing cell
division (mitosis or meiosis).
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FIGURE 2-20 Heterochromatin appears as dark patches in the nucleus during
interphase. This is Level 5A of DNA organization.

Photo courtesy of Edmund Puvion, Centre National de la Recherche Scientifique.

they are not actively dividing (a period also called interphase) are Level 5A;
more compact chromosomes are required for cells to undergo the mitotic or
meiotic phase of cell division, and this extra degree of compaction is Level 5B.
Regardless of their size, all of these Level 5 structures are called heterochro-
matin, both to differentiate them from euchromatin and because they appear
as blobs of varying darkness in an electron microscope (FIGURE 2-20). Like

the condensation of chromatosomes to form 30-nm fibers, this condensation
requires additional proteins.

Two good examples are those belonging to the SMC (structural mainte-
nance of chromosomes) family of proteins. One group, called condensins, is
responsible for general chromosome structure, along with chromosome con-
densation during the prophase period of cell division (see Prophase Prepares
the Cell for Division in Chapter 7). A second group, called cohesins, plays an
important role in condensation of yeast chromosomes during cell division and
regulates access to genes in virtually all eukaryotes.

FIGURE 2-21 shows models of how they might accomplish this condensa-
tion. Cohesins bind two strands of DNA together by forming a ring-shaped
structure that encloses Level 1 and 2 forms of DNA, and condensins are
thought to condense DNA by forming similar ring-shaped structures enclosing
Level 3 loops of DNA. While it is known that DNA condensation requires ATP
energy, it is still not entirely clear exactly how that ATP is used. It is possible
that these proteins hydrolyze ATP to gather the DNA into these rings.

RNAs Play a Critical Role in Compacting Chromatin

Unfortunately, our understanding of how chromosomes are compacted is
hampered by the same teamwork between molecules that forms our first prin-
ciple of cell biology (discussed in Chapter 1). As chromosomes condense, the
molecular teams responsible for regulating this process grow in both size and
complexity. A very common method for deciphering how a molecular team
works is to break it into its constituent parts and then reassemble it to figure
out how each part interacts with the others. For condensed chromosomes,
even breaking the scaffold into simpler parts is very difficult: it is resistant to
most chemicals and remains largely intact even when almost everything else
in a cell is broken apart.

What we have learned so far is that a significant portion of the nuclear
scaffold is made up of RNA molecules and that most of these belong to the sev-
enth class of RNAs discussed in Section 2.2. These RNAs play two important
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FIGURE 2-21 Cohesins and condensins control the spatial arrangement of chromatin.

roles in forming the scaffold and controlling the compaction of chromosomes.
First, they fold back on themselves to form double-stranded RNA “loop-stem”
structures that are stabilized by hydrogen bonds between bases. This makes
them unexpectedly resistant to physical or chemical disruption; the stem-loop
regions bind directly to proteins within the scaffold and help hold them in
place. Second, these RNAs serve as binding partners for additional RNAs and
proteins that trigger DNA condensation. One important class of these proteins
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is histone-modifying proteins (discussed in Section 2.4); the modifications
to the histones, in turn, control the degree of compaction of the scaffold and
thereby help determine whether a region of DNA is accessible for gene tran-
scription. Other proteins link the scaffold to the inner surface of the nucleus,
helping to stabilize it.

One of the best-studied nuclear scaffold RNAs is called X-inactive-specific
transcript (Xist) (see Box 2-16). Xist is both necessary and sufficient to com-
press an X chromosome into a permanently inactive structure (often abbrevi-
ated as Xi) called a Barr body. Female mammals contain two copies of the X
chromosome, and it is important that one of these be inactivated in every cell
soon after fertilization; failure to silence one of the X chromosomes results in
overexpression of sex-specific genes and failure to complete embryonic devel-
opment. Xist is the consummate team player: scientists estimate it has at least
thirty protein binding partners, forming hundreds of potential combinations
(i.e., different teams).

BOX 2-16 CASE STUDY: DUCHENNE MUSCULAR DYSTROPHY

IN A FEMALE PATIENT

Muscular dystrophies are a group of disorders that
share clinical characteristics of progressive muscular
weakness. Duchenne muscular dystrophy (DMD) is
the most common type of muscular dystrophy. It
includes delays in muscle development, wheelchair
confinement, and cardiac and respiratory problems
that prematurely end the patient’s life. DMD is an X
chromosome-linked recessive disorder. Because girls
inherit one X chromosome from each parent, they
nearly always have at least one healthy X chromosome
and therefore rarely exhibit DMD symptoms. Individuals
who carry one healthy and one mutated version of
the same gene are called carriers because they can
transmit the mutated gene to their children without
being affected themselves. If boys inherit a mutated

X chromosome from their mother, they must develop
DMD because they lack a healthy X chromosome to
compensate for the mutated gene; boys cannot be
carriers of X chromosome-linked disorders.

In this clinical case, we have a family of
phenotypically normal parents and their three children:
one son and a set of female identical twins. Identical
twins arise from a single fertilized egg and therefore
have identical genes. All three children appeared
healthy from birth to adolescence. At age 16, one of
the girls began displaying the classic clinical symptoms
for DMD: muscle weakness and frequent tripping and
falling while walking or running. The pediatrician did
not suspect DMD since the patient was a girl. As the
disease progressed, the affected sister was tested, and
the diagnosis was confirmed as DMD. Genetic analysis
of blood samples and skin biopsies confirmed that both

girls were carriers for DMD. Everyone was puzzled by
the test results. Why was only one sister affected by the
mutation?

The most likely reason for this outcome is that X
chromosome inactivation differed between the two
girls. During early embryonic development, Xist RNA
randomly inactivated one of the X chromosomes in each
cell to form condensed, inactive Barr bodies in both
girls. Note that either the functioning or the mutated X
chromosome had an equal chance of being inactivated
in each cell. In one girl, the mutated X chromosome
was inactivated in most of her cells, while the opposite
occurred in her sister. Determining what causes Xist RNA
to select which chromosome to silence and which to
leave unaffected remains a significant challenge. Despite
recent progress, how Xist RNA localizes and interacts with
the X chromosome is still not completely understood.

Study Questions

1. If we assume that the DMD mutation did not
spontaneously occur in both twins, explain why
the mother, but not the father, must be a carrier of
the DMD mutation.

2. Inaddition to being coated with Xist RNA,
what other changes occur on the inactivated X
chromosome to ensure it remains compact and
transcriptionally inactive? Search the internet for
additional clues.

3. Given your answer to question 2, what are the
challenges facing scientists who might try to
develop a means of reversing X chromosome
inactivation in DMD patients?
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Despite this tremendous variation, scientists have arrived at some consensus
as to how Xist functions. The Xist gene is on the X chromosome, and Xist tran-
scripts bind to a protein in the X chromosome scaffold called scaffold attachment
factor A (SAF-A), forming a “coat” that spreads out from the Xist gene until the
entire X chromosome is covered. After SAF-A binds to Xist, SAF-A changes
shape to attract additional proteins that further compact the chromosome.

Concept Check 2

Apply the five levels of DNA organization to the Library of Congress analogy:
What would be reasonable approximations of these levels for books on a shelf?
What happens in a library that distinguishes Level 4 and Level 5? What parts of
the DNA organization do not readily fit into this analogy?

2.4 Cells Chemically Modify DNA and Its
Scaffold to Control Packaging

Key Concepts

In addition to changing the physical organization of DNA, cells control DNA
packing by chemically modifying DNA and the proteins in the DNA scaffold,
including chromatin.

The best-known chemical modifications target Level 1 and 2 DNA
organization.

Modifications of Level 1 and 2 DNA organizations can impact higher-
level organization as well, including silencing of DNA in regions of
heterochromatin.

Level 1 chemical modifications occur directly on the DNA double helix;
the most common modification is the addition of a methyl group to
deoxycytosines, which suppresses transcription.

Level 2 modifications occur primarily on histones and can affect chromatin
condensation, gene transcription, and nucleosome assembly.

DNA and the proteins responsible for packaging it into Levels 1-5 of orga-
nizations can be chemically modified to change their structure and function
(see Cells Chemically Modify Proteins to Control Their Shape and Function in
Chapter 3). This is an important way for cells to more carefully control which
regions of a chromosome are available for sharing information and which are
effectively closed off. (In our Library of Congress analogy, this is equivalent to
prominently displaying some texts while placing others in storage.)

One of the most well-studied effects of these modifications is the forma-

tion of heterochromatin (Level 5 packaging) and subsequent repression of
gene expression, often called gene silencing. This can occur by at least two
mechanisms. In the first mechanism, shown in FIGURE 2-22, methyl groups are
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FIGURE 2-22 Methylation of DNA triggers gene silencing.

added directly to the bases adenine (in prokaryotes) or cytosine and guanine
(in eukaryotes) in the DNA, a Level 1 process called DNA methylation. In
mammals, these modifications occur most commonly on deoxycytosines that
are adjacent to deoxyguanosines in a DNA strand. This is often abbreviated
as CpG, with the p representing the phosphodiester bond holding the two
deoxynucleotides together. (Regions of DNA that have a high proportion

of CpG sequences are often called CpG islands.) DNA methylation silences
gene expression because it directly prevents the binding of proteins that are
required for transcription to take place (see Transcription Factors Promote the
Expression of Genes in Chapter 12).

A second common way to silence genes is to modify histone proteins in the
nucleosome. A variety of proteins are capable of attaching relatively small mole-
cules (methyl groups, acetyl groups, or phosphate groups) to the tails of his-
tones, which causes them to change their shape, as shown in FIGURE 2-23. This
change in shape alters the function of the proteins as well (see Cells Chemically
Modify Proteins to Control Their Shape and Function in Chapter 3). FIGURE 2-24
shows an example of how histone modification can silence genes. An enzyme
called histone deacetylase (HDAC) removes an acetyl group from histone H3;
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FIGURE 2-23 Chemical modification of histone tails changes the shape of chromatosomes.
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FIGURE 2-24 Histone modification can silence DNA to form heterochromatin.

85



86

Chapter 2 DNA Is the Instruction Book for Life

histone acetylation often activates transcription, so removal of the acetyl group
partially inhibits translation. Following this, a protein called histone methyl-
transferase attaches a methyl group to the ninth amino acid (a lysine, abbre-
viated K) on histone H3 (this is sometimes abbreviated as H3K9me). Finally,
a third protein (the names vary in different species; in mammals, it is called
heterochromatin protein 1, or HP1) attaches to the newly methylated histone
H3. When this histone is deacetylated and methylated, its shape changes. This
triggers a conformational change in the entire core particle, such that the DNA
attached to the core particle can no longer be transcribed; it is now silenced. As
additional nucleosomes next to the newly silenced section undergo the same
modifications, the silencing can extend to larger stretches of DNA.
Modification of a chromatosome can help ensure that a region of DNA is
not accessible. This is shown in FIGURE 2-25, when a protein called Rap1 binds
to a portion of DNA. The resulting change in Rap1’s shape allows two addi-
tional proteins named Sir3 and Sir4 to attach to it, and they in turn bind to
histones H3 and H4. This creates a change in the shape of the core particle and
facilitates the binding of additional Sir3/Sir4 complexes to adjacent nucleo-
somes. Note that in both strategies, changing the structure of the nucleosome
core particle by altering the configuration of histones is a key step.

Some Regions of Eukaryotic Chromosomes Are
Always Silenced

In eukaryotes, portions of the chromosomes are never active and are, there-
fore, called constitutive heterochromatin (in biology, constitutive means
“constantly produced”). A minimal amount of transcription, such as for

the siRNAs mentioned previously, takes place in these regions, but none of
the resulting RNA transcripts is ever translated. Instead, these regions play
important roles in maintaining the structure and organization of a chromo-
some during mitosis. For example, the centromere region of the chromosome
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FIGURE 2-25 Rap1, Sir3, and Sir4 can silence DNA to form heterochromatin.
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is essential for proper attachment of the chromosome to the microtubule
spindle during mitosis, and the telomere regions protect the ends of the chro-
mosome from damage. Both of these regions bind to many different proteins
but only unwind completely during DNA replication. They are discussed in
greater detail in Chapter 7.

Recently, scientists discovered another ATP-dependent group of proteins
that play a crucial role in chromosome condensation prior to mitosis. These
proteins are responsible for reading highly repetitive sequences of DNA to
synthesize siRNAs. This finding came as something of a surprise because until
then most researchers believed that siRNAs only controlled gene transcription.
While the exact mechanism has yet to be determined, the siRNA-forming pro-
teins recruit and bind to still another group of proteins that modify histones.
This, too, is an essential step in heterochromatin formation.

Concept Check 3

This section discusses altering the physical form of DNA as a means of
controlling access to genetic information. A common expression is that
humans are currently living in an age of information overload. Are these two
ideas at all related? Can cells suffer from information overload? What would be
the consequences if they did? How do cells control access to this information
without being overwhelmed? Use the vocabulary in this section to answer
these questions.

2.5 Chapter Summary

To remain alive, cells must do two things: respond appropriately to exter-

nal signals and internal programs and maintain their internal environment.
Nearly all of the molecules responsible for these activities are either RNA

or proteins, and the instructions for creating these molecules are stored in a
relatively simple polymer, DNA. Each time a cell divides, the daughter cells
inherit a copy of the parental cell DNA, which is slightly modified in each
successive generation of cells by mistakes (mutations) made during the repli-
cation process. The instructions in DNA are organized into units called genes;
cells read these genes to produce several types of RNAs (by transcription) and
proteins (by translation of messenger RNA). Mutated genes produce altered
RNAs and proteins when they are transcribed and translated, and it is these
differences in RNAs and proteins that yield the variation in cellular phenotype
that is acted upon by natural selection in each generation of cells and organ-
isms. DNA is, therefore, the heritable material acted on by evolution.

Because DNA encodes the instructions for producing all of the RNAs and
proteins a cell will require during its lifetime (and may also encode additional
unused genes), it is typically an enormous molecule relative to the cell that
harbors it. The complete DNA molecule, called a chromosome, is made up
of combinations of four subunits, called deoxyribonucleotides, which form
two antiparallel strands held together by hydrogen bonds. One of these two
strands contains the coding sequence of a gene. To ensure that the genes can
be easily accessed while also compacting them enough to fit into a cell, DNA is
supported by an elaborate protein/RNA scaffold, called genophore in prokary-
otes and chromatin in eukaryotes. Histone proteins are at the heart of these
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scaffolds, and DNA wraps around “spools” of histones. Chemical modifica-
tions of histones and DNA bases play an important role in controlling which
sections of DNA molecules are read by the transcription machinery. In some
eukaryotes, portions of the chromosomes are condensed and modified so that
they are not capable of undergoing transcription. These regions are called het-
erochromatin, to distinguish them from the transcriptionally accessible regions
called euchromatin. Prokaryotes do not form heterochromatin.

10.

How many phosphoester bonds, phosphodiester bonds, and hydrogen
bonds are shown in Figure 2-12a? Do not count bonds formed at the
ends of the strands with atoms not shown.

Explain how mutations in a cell's DNA can impact the proteins made by
that cell’s progeny (i.e., daughter cells).

Propose a model for how/why DNA binding proteins can “read” DNA
sequences in double-stranded DNA.

During heterochromatin formation, how is DNA “compaction” different
from DNA “silencing”?

Briefly describe the functions of the protein scaffold in DNA
organization.

Why is it important that the two strands of the DNA double helix are
held together by hydrogen bonds instead of (much stronger) covalent
bonds?

Have a careful look at the structure of the core particle in Figures 2-14,
2-15, and 2-16. Based on our discussion of the function of this structure,
explain three advantages provided by its molecular composition and
shape.

If the phenotype of the cell is a product of the genes it expresses at a
given time, why don’t cells simply use a binary, on-oft mechanism for
controlling gene expression? In other words, why do eukaryotic cells use
at least five levels of DNA organization instead of two?

Explain why DNA must always be synthesized in the 5’ to 3’ direction.
Why is this important for current DNA sequencing technologies?

Based on your understanding of DNA structure, function, and replica-
tion, propose an explanation for why genomes of organisms tend to grow
in size rather than shrink or remain constant over evolutionary time.
How do organisms manage the useless genes they inherit from their
ancestors?

What is a gene?

A. A sequence of nucleotides that wraps around a histone “spool”

B. A sequence of nucleotides that includes the coding sequence for
an RNA molecule, plus the sequences that control the timing and
amount of RNAs generated from the coding sequence.

C. A sequence of nucleotides that encodes all of the polypeptides nec-
essary to form a protein with quaternary structure.

D. A sequence of nucleotides that binds to proteins.

E. A sequence of nucleotides that encodes the alpha helix portion of
each polypeptide.



Multiple-Choice Questions

A common assay (method) for isolating DNA binding proteins from
cells is called chromatin immunoprecipitation (ChIP). The product of
this experimental method is often a list of proteins and the nucleotide
sequences (200-1,000 base pairs) attached to them. Which one of the
following questions could be answered using a ChIP assay?

How many cells are in this sample?

How many nucleosomes does this sample of DNA have in it?
How big/long are the chromosomes in this sample?

Which DNA binding proteins bind most tightly to DNA?

Which nucleotide sequences do these proteins bind to?

HOO® >

Which statement best explains how natural selection promotes changes

in DNA sequences in successive generations of cells?

A. Natural selection increases the mutation rate in cells, thereby
increasing the genetic diversity of each successive cell generation.
This diversity is essential for ensuring that the optimal cell pheno-
type will emerge in each generation. Therefore, natural selection
directly alters DNA sequences.

B. Natural selection determines the size and shape of histone proteins.
These, in turn, determine the shape of nucleosomes and have a
direct impact on the packing state of DNA in cells. When histone
composition of nucleosomes changes, the DNA sequences bound to
these nucleosomes change as well.

C. Natural selection increases the rate of histone modification, thereby
giving rise to a more diverse range of DNA packing in cells. This
increased diversity, in turn, increases the chances that DNA will
be damaged during replication, giving rise to changes in DNA
sequences in successive generations of cells.

D. Natural selection increases the probability of survival in cells that
express proteins best suited to allow cells to prosper in their envi-
ronment. Because a cell’s external environment is never static, natu-
ral selection favors slightly different cells in successive generations.
One of the major factors determining the phenotype of cells is the
structure and function of the proteins they express, and these are
directly influenced by the sequence of DNA encoding their genes.

E. Natural selection reflects a cell’s relative ability to overcome delete-
rious mutations by repairing them and allowing cells to reproduce.
Thus, natural selection promotes changes in the DNA in succes-
sive generations of cells by favoring cells with the best DNA repair
mechanisms; eventually, future generations of cells will be able to
repair virtually all DNA damage.

Assume you analyze the hemoglobin gene of a sickle-cell patient and an
unaffected (control) individual and find that both have single base-pair
mutations in this gene. Which statement best explains why the mutation
in the control individual is not causing sickle-cell disease?

A. The mutation in the sickle-cell patient occurs in a sequence of DNA
that encodes the amino acid sequence of the hemoglobin protein;
the mutation in the unaffected individual occurs in a region of the
hemoglobin gene that does not.

B.  The mutation in the sickle-cell patient was inherited from her par-
ents; the mutation in the unaffected individual arose spontaneously
when the individual was a child.
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C.

The mutation in the sickle-cell patient is in a region of DNA
wrapped around a nucleosome core particle; the mutation in the
unaffected individual is not.

The mutation in the sickle-cell patient is caused by deletion of a
single nucleotide in the gene sequence; the mutation in the unaf-
fected individual is caused by the addition of a single nucleotide in
the gene sequence.

The mutation in the sickle-cell patient is found in euchromatin; the
mutation in the unaffected individual is found in heterochromatin.

5. All nucleotides are composed of

A. abase, DNA, and amino acids

B. abase, a sugar, and a scaffold

C. abase, a sugar, and a phosphate group

D. mRNA, rRNA, and tRNA

E. mRNA, rRNA, tRNA, siRNA, and miRNA

6. Choose the best answer that differentiates a nucleosome from a
chromatosome.

A. A nucleosome is located only in the nucleus; a chromatosome is
located in the nucleus, mitochondria, and chloroplasts.

B. A nucleosome consists of 167 base pairs of double-stranded DNA
wrapped around eight histones; a chromatosome consists of a
nucleosome plus linker DNA and a linker histone.

C. A chromatosome is identical to a nucleosome, except a chromato-
some lacks a linker histone.

D. A nucleosome is a 167-base-pair-long double-stranded DNA with a
linker histone.

E. A and B are both correct.

7. In double-stranded DNA, which kinds of bonds hold one complemen-
tary strand to the other?

MY O® >

Hydrogen bonds

Covalent bonds

Phosphodiester bonds

Ionic bonds

Hydrophobic and hydrophilic bonds

8. Which one of the following statements is true?

A.

The deoxynucleotides comprising both strands in DNA are oriented
unidirectionally, in a parallel and complementary fashion, with
deoxynucleotides on opposite strands bound by double or triple
hydrogen bonds.

The building blocks of DNA are called deoxynucleotides because
they lack oxygen on their 5" end when compared to building blocks
of RNA.

DNA is composed of two strands of amino acid monomers orga-
nized antiparallel to each other, with one strand oriented 3’ to 5',
while the other strand is oriented 5" to 3.

DNA is a macromolecule made up of a nitrogenous base and a
phosphate backbone, held together by hydrogen bonds between
deoxyribose sugars.

None of the above statements is correct.
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