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Life depends on the ability of cells to store, retrieve, and transiate the genetic
instructions required to make and maintain a living organism. This hereditary
information is passed on from a cell to its daughter cells at cell division, and
from one generation of an organism to the next through the organism’s repro-
ductive cells. These instructions are stored within every living cell as its genes,
the information-containing elements that determine the characteristics of a
species as a whole and of the individuals within it.

As soon as genetics emerged as a science at the beginning of the twentieth
century, scientists became intrigued by the chemical structure of genes. The
information in genes is copied and transmitted from cell to daughter cell millions
of times during the life of a multicellular organism, and it survives the process
essentially unchanged. What form of molecule could be capable of such accu-
rateand almost unlimited replication and also be able to direct the development
of an organism and the daily life of a cell? What kind of instructions does the
genetic information contain? How are these instructions physically organized so
that the enormous amount of information required for the development and
maintenance of even the simplest organism can be contained within the tiny
space of a cell?

The answers to some of these questions began to emerge in the 1940s, when
researchers discovered, from studies in simple fungi, that genetic information
consists primarily of instructions for making proteins. Proteins are the macro-
molecules that perform most cellular functions: they serve as building blocks for
cellular structures and form the enzymes that catal ze all of the cell’s chemical
reactions (Chapter 3), they regulate gene expression (Chapter 7), and they
enable cells to move (Chapter 16) and to communicate with each other (Chap-
ter 15). The properties and functions of a cell are determined almost entirely by
the proteins it is able to make. With hindsight, it is hard to imagine what other
type of instructions the genetic information could have contained.
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The other crucial advance made in the 1940s was the identification of
deoxyribonucleic acid (DNA) as the likely carrier of genetic information. But the
mechanism whereby the hereditary information is copied for transmission from
cell 1o cell, and how proteins are specified by the instructions in the DNA,
remained completely mysterious. Suddenly, in 1953, the mystery was solved
when the structure of DNA was determined by James Watson and Francis Crick.
Asmentioned in Chapter 1, the structure of DNA immediately solved the prob-
lem of how the information in this molecule might be copied, or replicated. It
also provided the first clues as to how a molecule of DNA might encode the
instructions for making proteins. Today, the fact that DNA is the genetic material
is so fundamental to biological thought that it is difficult torealizewhat an enor-
mous intellectual gap this discovery filled.

Wellbefore biologists understood the structure of DNA, they had recognized
that genes are carried on c/iromosomes, which were discovered in the nineteenth
century as threadlike structures in the nucleus of a eucaryotic cell thai become
visible as the cell begins to divide (Figure 4-1). Later, as biochemical analysis
became possible, chromosomes were found to consist of both DNA and protein.
We now know that the DNA carries the hereditary information of the cell (Figure
4-2). In contrast, the protein components of chromosomes function largely to
package and control the enormously long DNA molecules so that they fit inside
cells and can easily be accessed by them.

In this chapter we begin by describing the structure of DNA. We sce how,
despite its chemical simplicity, the structure and chemical properties of DNA
make it ideally suited as the raw material of genes. The genes of every cell on
Earth are made of DNA, and insights into the relationship between DNA and
genes have come from experiments in a wide variety of organisms. We then con-
sider how genes and other important segments of DNA are arranged on the long
molecules of DNA that are present in chromosomes. Finally, we discuss bow
eucaryotic cells fold these long DNA molecules into compact chromosomes.
This packing has to be done in an orderly fashion so that the chromosomes can
be replicated and apportioned correctly between the two daughter cells at each
cell division. It must also allow access of chromosomal DNA to enzymes that
repair it when it is damaged and to the specialized proteins that direct the
expression of its many genes.

This is the first of four chapters that deal witb basic genetic mechanisms—
the ways in which the cell maintains, replicates, expresses, and occasionally
improves the genetic information carried in its DNA. In the following chapter
(Chapter 5) we discuss the mechanisms by which the cell accurately replicates
and repairs DNA; we also describe how DNA sequences can be rearranged
through the process of genetic recombination. Gene expression—the process
through which the information encoded in DNA is interpreted by the cell to
guide the synthesis of proteins—is the main topic of Chapter 6. In Chapter 7, we
describe how gene expression is controlled by the cell to ensure that each of the
many thousands of proteins encrypted in its DNA is manufactured only at the
proper time and place in the life of the cell. Following these four chapters on
basic genetic mechanisms, we present an account of the experimental tech-
niques used to study these and other processes that are fundamental to all cells
(Chapter 8).

THE STRUCTURE AND FUNCTION OF DNA

Biologists in the 1940s had difficulty in accepting DNA as the genetic material
because of the apparent simplicity of its chemistry. DNA was known to be a long
polymer composed of only four types of subunits, which reseinble one another
chemically. Early in the 1950s, DNA was first examined by x-ray diffraction
analysis, a technique for determining the three-dimensional atomic structure of
amolecule (discussed in Chapter 8). The early x-ray diffraction results indicated
that DNA was composed of two strands of the polymer wound into a helix. The
observation that DNA was double-stranded was of crucial significance and
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Figure 4-1 Chromosomes in cells.
(A) Two adjacent plant cells photographed
through a light microscope. The DNA has
been stained with a fluorescent dye
(DAPI) chat binds to it. The DNA is
present in chromosomes, which become
visible as distince structures in the light
microscope only when they become
compact structures in preparation for cel
division, as shown on the left. The cell on
the right, which is not dividing, contains
identical chromosomes. but they cannot
be clearly distinguished in the light
microscope at this phase in the cell's life
cycle, because they are In a more
extended conformation. (B) Schematic
diagram of the outlines of the two cells
along with their chromosomes.

(A. courtesy of Peter Shaw.)
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provided one of the major clues that led to the Watson-Crick structure of DNA.
Only when this model was proposed did DNA's potential for replication and
information encoding become apparent. In this section we examine the struc-
ture of the DNA molecule and explain in general terms how it is able 1o store
hereditary information.

A DNA Molecule Consists of Two Complementary
Chains of Nucleotides

A DNA molccule consists of two tong polynucleotide chains composed of four
types of nucleotide subunits. Each of these chains is known as a DNA chain, or a
DNA strand. Hydrogen bonds between the base portions of the nucleotides hold
‘the two chains together (Figure 4-3). As we saw in Chapter 2 (Panel 2-6, pp. 120-
121), nucleotides are composed ofa five-carbon sugar 1o which are attached one
‘or more phosphate groups and a nitrogen-containing base. In the case of the
nucleotides in DNA, the sugar is deoxyribose attached to a single phosphate
group (hence the name deoxyribonucleic acid), and the base may be either ade-
‘nine (A), cytosine (C), guanine (G), or thymine (T). The nucleotides are covalent-
ly linked together in a chain through the sugars and phosphates, which thus
form a “backbone” of alternating sugar-phosphate-sugar-phosphate (see Fig-
ure 4-3). Because only the base differs in each of the four types of subunits, each
Polynucleotide chain in DNA is analogous to a necklace (the backbone) strung
with four types of beads (the four bases A, C, G, and T). These same symbols (A.
C, G, and T) are also commonly used to denote the four different nucleotides—
that is, the bases with (heir attached sugar and phosphate groups.

The way in which the nucleotide subunits are lined together gives a DNA
strand a chemical polarity. If we think of each sugar as a block with a protruding
knob (the 5’ phosphate) on one side and a hole (the 3’ hydroxyl) on the other (see
Figure 4-3), each completed chain, formed by interlocking knobs with holes, will
have all of its subunits lined up in the same orientation. Moreover, the two ends
of the chain will be easily distinguishable, as one has a hole (the 3’ hydroxyl) and
theotheraknob (the 5’ phosphate) at its terminus. This polarity in a DNA chain
is indicated by referring to one end as the 3’ end and the other as the 5 end.

The threc-dimensional structure of DNA—the double helix—arises from
the chemical and structural features of its two polynucleotide chains. Because
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other in both their appearance under the
microscope and their pathogenicity. One
strain appears smooth (S) and causes
death when injected into mice, and the
other appears rough (R) and is nonlethal.
(A) This experiment shows that a
substance present in the S strain can
change (or transform) the R strain into
the S strain and that this change is
inherited by subsequent generations of
bacteria. (B) This experiment. in which the
R strain has been incubated with various
classes of biological molecules obtained
from the S strain, identifies the substance
as DNA
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these two chains are held together by hydrogen bonding between the bases on
the different strands, all the bases are on the inside of the double helix, and the
sugar-phosphate backbones are on the outside (see Figure 4-3). In each case, a
bulkier two-ring base (a purine; see Panel 2-6, pp. 120-121) is paired with a sin-
gle-ring base (a pyrimidine); A always pairs with T, and G with C (Figure 4-4).
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Figure 4-3 DNA and its building
blocks. DNA is made of four types of
nucleotides, which are linked covalently
into a polynucleotide chain (a DNA
strand) with a sugar-phosphate backbone
from which the bases (A.C, G, and T)
extend. A DNA molecule is composed of
two DNA strands held together by
hydrogen bonds between the paired bases
The arrowheads at the ends of the DNA
strands indicate the polarities of the two
strands, which run antiparalle! to each
other in the DNA molecule. In the
diagram at the bottom left of the figure,
the DNA molecule is shown straightened
out; in reality, it is twisted Into a double
helix, as shown on the right. For details,
see Figure 4-5.

Figure 4-4 Complementary base
pairs in the DNA double helix. The
shapes and chemical structure of the
bases allow hydrogen bonds to form
efficiently only between A and T and
between G and C, where atoms that are
able to form hydrogen bonds (see Panel
2-3.pp. 114-115) can be brought close
together without distorting the double
helix. As indicated, two hydrogen bonds
form between A and T. while three form
between G and C.The bases can pair in
this way only if the two polynucleotide
chains that contain them are antiparalle!
to each other,

" phosphodiester
2nm 3 end

8)

nergetically most favorable arrangement in the interior of the double helix. In
his arrangement, each base pair is of similar width, thus holding the sugar-
phosphate backbones an equal distance apart along the DNA molecule. To max-
ize the efficiency of base-pair packing, the two sugar-phosphate backbones
d around each other to form a double helix, with one complete turn every
n base pairs (Figure 4-5).

The members of each base pair can fit together within the double helix only
the two strands of the helix are antiparallel—that is, only if the polarity of one
nd is oriented opposite to that of the other strand (see Figures 4-3 and 4-4).
consequence of these base-pairing requirements is that each strand of a DNA
molecule contains a sequence of nucleotides that is exactly complementary to
e nucleotide sequence of its partner strand.

The Structure of DNA Provides a Mechanism for Heredity

enes carry biological information that must be copied accurately for transmis-
ion to the next generation each time a cell divides to form two daughter cells.
Two central biological questions arise from these requirements: how can the
information for specifying an organism be carried in chemical form, and how is
accurately copied? The discovery of the structure of the DNA double helix was
a landmark in twentieth-century biology because it immediately suggested
nswers to both questions, thereby resolving at the molecular level the problem
of heredity. We discuss briefly the answers to these questions in this section, and
e shall examine them in more detail in subsequent chapters.

DNA encodes information through the order, or sequence, of the
ucleotides along each strand. Each base—A, C, T, or G—can be considered as a
tter in a four-letter alphabet that spells out biological messages in the chemi-
structure of the DNA. As we saw in Chapter 1, organisms differ from one
nother because their respective DNA molecules have different nucleotide
sequences and, consequently, carry different biological messages. But how is the
nucleotide alphabet used to make messages, and what do they spell out?

As discussed above, it was known well before the structure of DNA was
‘determined that genes contain the instructions for producing proteins. The
DNA messages must therefore somehowencode proteins (Figure 4-6). This rela-
tionship immediately makes the problem easier to understand, because of the
chemical character of proteins. As discussed in Chapter 3, the properties of a
Protein, which are responsible for its biological function, are determined by its
three-dimensional structure, and its structure is determined in turn by the linear
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Figure 4-5 The DNA double helix.
(A) A space-filling model of 1.5 turns of
the DNA double helix. Each turn of DNA
is made up of 10.4 nucleotide pairs and
the center-to-center distance between
adjacent nucleotide pairs is 3.4 nm.The
coiling of the two strands around each
other creates two grooves in the double
helix. As indicated in the figure, the wider
groove is called the major groove. and the
smaller the minor groove. (B) A short
section of the double helix viewed from
its side, showing four base pairs. The
nucleotides are linked together covalently
by phosphodiester bonds through the
3"-hydroxyl (~OH) group of one sugar and
the 5'-phosphate (P) of the next. Thus,
each polynucleotide strand has a chemical
polarity: that is, its two ends are
chemically different. The 3’ end carries an
unlinked ~OH group attached to the 3*
position on the sugar ring; the 5’ end
carries a free phosphate group attached to
the 5’ position on the sugar ring.
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Figure 4-8 The relationship between

genetic information carrled in DNA
and proteins.
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Figure 4-7 The nucleotide sequence of the human B-globin gene.
This gene carries the information for the amino acid sequence of one of the
wo types of subunits of the hemoglobin molecule, which carries oxygen in
the blood. A different gene, the a-globin gene. carries the information for
the other type of hemoglobin subunit (a hemoglobin molecute has four
subunits.two of each type). Only one of the two strands of the DNA double
helix containing the B-globin gene is shown;the other strand has the exact

y sequence. By ion, a ide sequence is written
Vrom its 5 end to its 3’ end, and it should be read from left to right in
successive lines down the page as though it were normal English text. The
DNA sequences hightighted in yellow show the three regions of the gene that
specify the amino sequence for the B-globin protein.We see in Chapter 6
how the cell connects these three sequences together to synthesize a
full-length B-globin protein.

sequence of the amino acids of which it is composed. The linear sequence of
nucleotides in a gene must therefore somehow spell out the linear sequence of
amino acids in a protein. The exact correspondence between the four-letter
nucleotide alphabet of DNA and the (wenty-letter amino acid alphabet of pro-
teins—the genetic code—is not obvious from the DNA structure, and it took over
a decade after the discovery of the double helix before it was worked out. In
Chapter 6 we describe this code in detail in the course of elaborating 1he pm-
cess, known as gese expression, through which a cell tr the

CCCTGTGGAGCCACACCCTAGGGTTGGCCA
ATCTACTCCCAGGAGCMSGGAGCGC}\GGAG
CCA TCAGGGCAGA:
C\_ATCTATTGCTTACATTTGCTTCTGACA
AACTGTGTTCACTAGCAACTCAAACAGACA
CCATGGTGCACCTGACTCCTGAGGAGAAG
CTGCCGTTACTGCCCTGTGGGGCAAGGTG:
AC CCTG
GCAGGTTGGTATCAAGGTTACAAGACAGG:
TTAAGGAGACCAATAGAAACTGGGCATGIG
GAGACAGAGAAGACTCTTGGGTTTCTGAT.-
GGCACTGACTCTCTCTGCCTATTGGTCTAT
TTTCCCACCCTTAGGCTGCTGGTGGTCTA
CCITGGACCCAGAGGTTCTTTGAGTCCT
GGGGATCTGTCCACTCCTGATGCTGTTAT
GGCAACCCTARGGTGAAGGCTCATGGCAA
AAAGTGCTCGGTGCCTTTAGTGATGGCCT,
GCTCACCTGGACAACCTCAAGGGCACCTT
GCCACACTGAGTGAGCTGCACTGTGACAA
CTGCACGTGGATCCTGAGAACTTCAGGGT
AGTCTATGGGACCCTTGATGTTTTCTTTC
CCTTCTTTITCTATGGTTAAGTTCATGTCA
AGGAAGGGGAGAAGTAACAGGGTACAGTT™
AGAATGGGAAACAGACGAATGATTGCATC!
GTGTGGAAGTCTCAGGATCGTTTTAGTTT.
TTTTATTTGCTGTTCATAACAATTGTTIT

sequence of a gene into the amino acid sequence of a protein.

The complete set of information in an organism’s DNA is called its genome,
and it carries the information for all the proteins the organism will ever synthe-
size. (The term genome is also used to describe the DNA that carries this infor-
mation.) The amount of information contained in genomes is staggering: for
example, a l)plcal human cell coniains 2 meters of DNA. \Vritten out in the four-
letter nu Iphabet, the nucleotide sequence of a very small human gene
occupies a quarter of a page of text (Figure 4-7), while the complete sequence of
nucleotides in the human genome would fill more than a thousand books the
size of this one. In addition to other critical information, it carries the instruc-
tions for about 30,000 distinct proteins.

At each cell division, the cell must copy its genome to pass it to both daugh-
ter cells. The discovery of the structure of DNA also revealed the principle that

TITTGTTTAATTCTTGCITTCTTTTTTTTT
CTTCTCCGCAATTTTTACTATTATACTTAA
TGCCTTAACATTGTGTATAACAAAAGGAAA
TATCTCTGAGATACATTAAGTAACTTAAN!
AARAACTTTACACAGTCTGCCTAGTACATT
ACTATTTGGAATATATGTGTGCTTATTTG
ATATTCATAATCTCCCTACTTTATTTTC?
TTATTTTTAATTGATACATAATCATTATA
ATATTIATGGGTTAAAGTGTAATGTT TTA
TATGTGTACACATATIGACCAAATCAGGGT
AA'I'TTTGCATTIGTAATTTTAAARAATGC .
TTCTTCTTTTAATATACTTTTTTGTTTAT
TTATTTCTAATACTTTCCCTAATCTCTTT”
TTTCAGGGCAATAATGATACAATGTATCAT
GCCTCTTTGCACCATTCTAAAGAATAACA

makes this copying possible: because each strand of DNA contains a seq

of nucleotides that is exactly complementary to the nucleotide sequence of its
parter strand, each strand can act as a template, or mold, for the synthesis of a
new complementary strand. In other words, if we designate the two DNA
strands as S and ', strand S can serve as a template for making a new strand §',
while strand §’ can serve as a template for making a new strand S (Figure 4-8).

template S strand

S strand

new S’ strand

parent DNA double helix

template S’ strand

Figure 4-8 DNA as a template for its own duplication. As the
nucleotide A successfully pairs only with T, and G with C, each strand of
DNA can specify the sequence of nucleotides in its complementary strand.
In this way, double-helical DNA can be copied precisely.
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TGATAAT - CTGGGTTAAGGCAATAGCAA !
ATTTCTGCATATAAATATTTCTGCATATAN
ATTGTAACIGATGTAAGAGGTTTCATATTS
CTAATAGCAGCTACAATCCAGCTACCATT

TGCTTTTAI T TATGGTTGGGATAAGCCT

GATTATTCTGAGTCCAAGCTAGGCCCTTT!
GCTAATCATGTTCATACCTCTTATCTTCCT
CCCACAGCTCCTGGGCAACGTGCTGGTCTG
“GTGCTGGCCCATCACTTTGGCARRGAATT
CACCCCACCAGTGCAGGCTGCCTATCAGAN
AGTGGTGGCTGGTGTGGCTAATGCCCTGGE
CCACAAGTATCACTAAGCTCGCTTTCTTGC
TGTCCAA’ 'TATTAAAGGTTCCTTTGTT
CCCTAAGTCCAACTACTAAACTGGGGGATA
TTATGAAGGGCCTTGAGCATCTGGATTCTG
CCTAATAARAAACATTTATTTTCATTGCAA
TGATGTATTTAAATTATTTCTGAATATTTT
ACTAAAAAGGGAATGTGGGAGGTCAGTGCA
TTTAAAACATAAAGAAATGATGAGCTGTTC
AAACCTTGGGAAAATACACTATATCTTARA
CTCCATGAAAGAAGGTGAGGCTGCAACCAG
CTAATGCACATTGGCAACAGCCCCTGATGE
CTATGCCTTATTCATCCCTCAGAAANGGAT
TCTTGTAGRGGCTTGATTTGCAGGTTAAAG
TTTTGCTATGCTGTATTTTACATTACTTAT
TGTTTTAGCTGTCCTCATGAATGTCTTTTC
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endoplasmic
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us, the genetic information in DNA can be accurately copied by the beautifully
imple process in which strand S separates from strand ', and each separated
and then serves as a late for the prod of a new I y
partner strand that is identical to its former partner.

The ability of each strand ol a DNA molecule to act as a template for pro-
ucing a complementary strand enables a cell to copy, or replicate, its genes
ore passing them on to its descendants. In the next chapter we describe the
elegant machinery the cell uses to perform this cnormous task.

n Eucaryotes, DNA Is Enclosed in a Cell Nucleus

Nearly allthe DNA in a eucaryotic cell is sequestered in a nucleus, which occu-
pies about 10% of the total cell volume. This compartment is delimited by a
nuclear envelope formed by two concentric lipid bilayer membranes that are
punctured ai intervals by large nuclear pores, which transport molecules
between the nucleus and the cytoso!. The nuclear envelope s directly connected
to the extensive membranes of the endoplasmic reticulum. It is mechanically
supported by two networks of intermediate filaments: one, called the nuclear
lamina, forms a thin sheetlike meshwork inside the nucleus, just beneath the
inner nuclear membrane; theother surrounds theouter nuclear membrane and
is less regularly organized (Figure 4-9).

The nuclear envelope allows the many proteins that act on DNA to be con-
trated where they are needed in the cell, and, as we see in subsequent chap-
, italso keeps nuclear and cytosolic enzymes separate, a feature that is crucial
for the proper functioning of eucaryotic cells. Compartmentalization, of which
the nucleus is an example, is an important principle of biology; it serves to
establish an environment in which biochemical reactions are facilitated by the
‘high concentration of both substrates and the enzymes that act on them.

Summary

Genetic information is carried in the linear sequence of nucleotides in DNA. Each
tolecide of DNA is a double helix formed from two complementary strands of
Nucleotides held together by hydrogen bonds between G-C and A-T base pairs.
Duplication of thegenetic information occursby the use of one DNAstrand as a rem-
te for formation of a complenientary strand. The genelic information stored in
an organism’s DNA contains the instructions for all the proteins the organism will
€ver synthesize. In eucaryotes, DNA is contained in the cell nucleus.

THE STRUCTURE AND FUNCTION OF DNA

[llumina Exhibit 1031, Page 4 of 53

Figure 4-9 A cross-sectional view of
a typical cell nucleus. The nuclear
envelope consists of two membranes, the
outer one being continuous with the
endoplasmic reticulum membrane (see
also Figure 12-9).The space inside the
endoplasmic reticulum (the ER lumen) is
colored yeflow; it is continuous with the
space between the two nuclear
membranes. The lipid bilayers of the inner
and outer nuclear membranes are
connected at each nuclear pore. Two
networks of intermediate filaments (green)
provide mechanical support for the
nuclear envelope; the intermediate
filaments inside the nucleus form a special
supporting structure called the nuclear
Jamina.
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CHROMOSOMAL DNA AND TS PACKAGING
IN THE CHROMATIN FIBER

The most important function of DNA is to carry genes, the information that
specifies all the proteins that make up an organism—including information
about when, in what types of cells, and in what quantity each protein is to be
made. The genomes of eucaryotes are divided up into chromosomes, and in this
section we see how genes are typically arranged on each chromosome. In addi-
tion, we describe the specialized DNA sequences that allow a chromosome to be
accurately duplicated and passed on from one generation to the next.

We also confront the serious challenge of DNA packaging. Each human cell
contains approximately 2 meters of DNA if stretched end-to-end; yet the nucleus
of a human cell, which contains the DNA, is only about 6 um in diameter. This is
geometrically equivalent to packing 40 km (24 miles) of extremely fine thread
into a tennis ball! The complex task of packaging DNA is accomplished by spe-
cialized proteins that bind to and fold the DNA, generating a series of coils and
loops that provide increasingly higher levels of organization, preventing the
DNA from becoming an unmanageable tangle. Amazingly, although the DNA is
very tightly folded, it is compacted in a way that allows it to easily become avail-
able to the many enzymes in the cell that replicate it, repair it, and use its genes
to produce proteins.

Eucaryotic DNA [s Packaged into a Set of Chromosomes

In eucaryotes, the DNA in the nucleus is divided between a set of different
chromosomes. For example, the buman genome—approximately 3.2 x 10%
nucleotides—is distributed over 24 different chromosomes. Each chromosome
consists of a single, enormously long linear DNA molecule associated with pro-
teins that fold and pack the fine DNA thread into a more compact structure. The
complex of DNA and protein is called c/iromatin (from the Greek chroma, “col-
ored,” because of its staining properties). In addition to the proteins involved in
packaging the DNA, chromosomes are also associated with many proteins
required for the processes of gene expression, DNA replication, and DNA repair.

Bacteria carry their genes on a single DNA molecule, which is usually cir-
cular (see Figure 1-30). This DNA is associated with proteins that package and
condense the DNA, but they are different from the proteins that perform these
functions in eucaryotes. Although often called the bacterial “chromosome,” it
does not have the same structure as eucaryotic chromosomes, and less is known
about how the bacterial DNA is packaged. Even less is known about how DNA is
compacted in archaea. Therefore, our discussion of chromosome structure will
focus almost entirely on eucaryotic chromosomes.

With the exception of the germ cells, and a few highly specialized cell types
that cannot multiply and lack DNA altogether (for example, red blood cells),
each human cell contains two copies of each chromosome, one inherited from
the mother and one from the father. The maternal and paternal chromosomes
of a pair are called b 1 chr h logs). The only nonho-
mologous chromosome pairs are the sex chromosomes in males, where a Y chiro-
mosome is inherited from the father and an X chromosome from the mother.
Thus, each human cell contains a total of 46 chromosomes—22 pairs common
to both males and females, plus two so-called sex chromosomes (X and Y in
males, two Xs in females). BNA hybridization (described in detail in Chapter 8)
can be used to distinguish these human chromosomes by “painting” each one a
different color (Figure 4-10). Chromosome painting is typically done at the stage
in the cell cycle when chromosomes are especially compacted and easy to visu-
alize (mitosis, see below).

Another more traditional way to distinguish one chromosome from another
is to stain them with dyes that produce a striking and reliable pattern of bands
along each mitotic chromosome (Figure 4-11). The structural bases for these
banding patterns are not well understood, and we return (o this issue at the end
of the chapter. Nevertheless, the pattern of bands on each type of chromosome
is unique, allowing each chromosome to be identified and numbered.
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The display of the 46 human chromosomes at mitosis is called the human
karyotype. If parts of chromosomes are lost, or switched between chromo-
somes, these changes can be detected by changes in the banding patterns or by
changes in the pattern of chromosome painting (Figure 4-12). Cytogeneticists
use these alterations to detect chromosome abnormalities that are associated
with inherited defects or with certain types of cancer that arise through the
rearrangement of chromosomes in somatic cells.

CHROMOSOMAL DNA AND TS PACKAGING IN THE CHROMATIN FIBER
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Figure 4-10 Human chromosomes.
These chromosomes, from a male, were
isolated from a cell undergoing nuclear
division (mitosis) and are therefore highly
compacted. Each chromosome has been
“painted” a different color to permit its
unambiguous identification under the light
microscope. Chromosome painting is
performed by exposing the chromosomes
to a collection of human DNA molecules
that have been coupled to a combination
of fluorescent dyes. For example, DNA
molecules derived from chromosome |
are labeled with one specific dye
combination, those from chromosome 2
with another, and so on. Because the
labeled DNA can form base pairs, or
hybridize, only to the chromosome from
which It was derived (discussed in
Chapter 8), each chromosome is
differently labeled. For such experiments,
the chromosomes are subjected to
treatments that separate the double-
hetical DNA into individual strands,
designed to permit base-pairing with the
single-stranded fabeled DNA while
keeping the chromosome structure
relatively intact. (A) The chromosomes
visualized as they originally spilled from
the lysed cell. (B) The same chromosomes
artificially lined up in their numerical
order. This arrangement of the full
chromosome set is called a karyotype.
(From E. Schrock et al., Science
273:494-497, 1996. © AAAS))

Figure 4-11 The banding patterns of
human chromosomes. Chromosomes
1-22 are numbered in approximate order
of size. A typical human somatic (non-
germ line) cell contains two of each of
these chromosomes, plus two sex
chromosomes—two X chromosomes in a
female, one X and one Y chromosome

in a male. The chromosomes used to make
these maps were stained at an early stage
in mitosis, when the chromosomes are
incomplecely compacted. The horizontal
green line represents the position of the
centromere (see Figure 4-22), which
appears as a constriction on mitotic
chromosomes; the knobs on
chromosomes 13, 14, 15,21,and 22
indicate the positions of genes that code
for the large ribosomal RNAs (discussed
in Chapter 6). These patterns are obtained
by staining chromosomes with Giemsa
stain, and they can be observed under the
ight microscope. (Adapted from

U. Franke, Cytogenet. Cell Genet.
31:24-32,1981.)
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Chromosomes Contain Long Strings of Genes

The most important function of chromosomes is to carry genes—the functional
units of heredity. A gene is usually defined as a segment of DNA that contains the
instructions for making a particular protein (or a set of closely related proteins).
Althoughthis definition holds for the majority of genes, several percent of genes
produce an RNA molecule, instead of a protein, as their final product. Like pro-
teins, these RNA molecules perform a diverse set of structural and catalytic
functions in the cell, and we discuss them in detail in subsequent chapters.

" As might be expected, a correlation exists between the complexity of an
organism and the number of genes in its genome (see Table 1-1). For example,
total gene numbers range from less than 500 for simple bacteria to about 30,000
for humans. Bacteria and some single-celled eucaryotes have especially com-
pact genomes; the complete nucleotide seq of their reveals that
the DNA molecules that make up their chromosomes are little more than strings
of closely packed genes (Figure 4-13; see also Figure 1-30). However, chromo-
somes from many eucaryotes (including humans) contain, in addition to genes,
a large excess of interspersed DNA that does not seem to carry critical informa-
tion. Sometimes callec junk DNA to signify that its usefulness to the cell has not
been demonstrated, the particular nucleotide sequence of this DNA may not be
important; but the DNA itself, by acting as spacer material, may be crucial for

(B

Figure 4-12 An aberrant human
chromosome. (A) Two pairs of
chromosomes, stained with Giemsa (see
Figure 4-11),from a patient with ataxia. a
disease characterized by progressive
deterioration of motor skills. The patient
has a normal pair of chromosome 4s (left-
hand pair), but one normal chromosome
12 and one aberrant chromosome 12, as
seen by its greater length (right-hand pair:
The additional material contained on the
aberrant chromosome 12 was deduced,
from its pattern of bands, as a piece of
chromosome 4 that had become attached
<o chromosome 12 through an abnormal
recombination event, called a

-
-

A 1)

the long-term evolution of the species and for the proper exp: of genes.
These issues are taken up in detail in Chapter 7.

In general, the more complex the organisin, the larger its genome, but
because of differences in the amount of excess DNA, the relationship is not sys-
tematic (see Figure 1-38). For example, the human genome is 200 times larger
than that of the yeast S. cerevisiae, but 30 times smaller than that of some plants

A

and amphibians and 200 times smaller than a species of b .

chr tr . (B) The sane
two chromosome pairs, “painted™ blue
for chromosome 4 DNA and purple for
chromosome |2 DNA. The two
techniques give rise to the same
conclusion regarding the nature of the
aberrant chromosome 12, but

because of differences in the amount of excess DNA, the genomes of similar
organisms (bony fish, for example) can vary several hundredfold in their DNA
content, even though they contain roughly the same number of genes. Whatever
the excess DNA may do, it seems clear that it is not a great handicap for a higher
eucaryotic cell to carry a large amount of it.

The apporti of the g over chr also differs from one
eucaryotic species to the next. For example, compared with 46 for humans,

1 == 5 I 9 G
= 6 GEED L= ——]
3 aIED T n

(e
@ 10° nucleotide pairs

0.5% of genome DNA (from left arm of 1M

chr painting provides better
resolution, and the clear identification of
even short pieces of chromosomes that
have become transiocated. However,
Giemsa staining is easier to perform.
(From E. Schrock et al., Science
273:494-497. 1996. © AAAS)

genes

Figure 4-13 The genome of S. cerevisiae (budding yeast). (A) The genome is distributed over

16 chromosomes, and its complete nucleotide sequence was determined by a cooperative effort involving
scientists working in many different locations, as indicated (groy, Canada; orange, European Union; yellow,
United Kingdom: blue, Japan; light green, St Louis, Missouri; dark green, Stanford, California). The constriction
present on each chromosome represents the position of its centromere (see Figure 4-22). (B) A small region
of chromosome 11, highlighted in red in part A, is magnified to show the high density of genes characteristic
of this species. As indicated by orange, some genes are transcribed from the lower strand (see Figure 1-5),
while others are transcribed from the upper strand. There are about 6000 genes in the complete genome.

which is 12,147,813 nucleotide pairs long.
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Chinese muntjac Indian muntjac

Figure 4-14 Two closely related species of deer with very different chromosome numbers. In the
evolution of the Indian muntjac. initially separate chromosomes fused, without having a major effect on the
animal. These two species have roughly the same number of genes. (Adapted from M.W. Strickberger,
Evelution, 3rd edition, 2000, Sudbury, MA: Jones & Bartlett Publishers.)

atic cells from a species of small deer contain only 6 chromosomes. while
hose from a species of carp contain over 100. Even closely related species with
similar genome sizes can have very diiferent numbers and sizes of chromo-
-somes (Figure 4-14). Thus, there is no simple relationship between ch

umber, species complexity, and total genome size. Rather, the genomes and
romosomes of modern-day species have each been shaped by a unique his-
tory of seemingly random genetic events, acted on by selection pressures.

Figure 4-15 The organization of
genes on a human chromosome.

(A) Chromosome 22, one of the smallest
human chromosomes, contains 48 x 10
nucleotide pairs and makes up
approximately |.5% of the entrre human
genome. Most of the left arm of
chromosome 22 consists of short
repeated sequences of DNA thatare
packaged in a particularly compact form of
chromatin (heterochromatin), which is
discussed later in this chapter.

(B) A tenfold expansion of a portion of
chromosome 22, with about 40 genes
indicated. Those in dark brown are known
genes and those in fight brown are
predicted genes. (C) An expanded portion
of (B) shows the entire length of several
genes. (D) The intron-exon arrangement

he Nucleotide Sequence of the Human Genome Shows
ow Genes Are Arranged in Humans

When the DNA sequence of human chromosome 22,oneofthe smallest human
hromosomes (see Figure 4-11), was completed in 1999, it became possible for
first time to see exactly how genes are arranged along an entire vertebrate

chromosome (Figure 4-15 and Table 4-1). With the publication of the “first draft”
- of the entire human genome in 2001, the genetic landscape of all human chro-
mosomes suddenly came into sharp focus. The sheer quantity of information

human chromosome 22—48 x 10° nucleotide pairs of DNA

: ) of a typical gene is shown after a further
heterochromatin tenfold expansion. Each exon (red) codes
x10 for a portion of the protein, while the

DNA sequence of the introns (gray) is
relatively unimportant. The entire human
genome (3.2 x 10° nucleotide pairs) is
distributed over 22 autosomes and 2 sex
chromosomes (see Figures 4-10 and
4-11). The term human genome sequence
refers to the complete nucleotide
sequence of DNA in these

24 chromosomes. Being diploid, a human
somatic cell therefore contains roughly
twice this amount of DNA. Humans differ
from one another by an average of one
nucleotide in every thousand. and a wide
variety of humans contributed DNA for
the genome sequencing project. The
published human genome sequence is
therefore a composite of many individual
sequences (Adapted from International
Human Genome Sequencing Consortium,
Nature 409:860-921,2001.)

10% of chromosome arm ~40 genes i

1% of chromosome containing 4 genes

one gene of 3.4 x 10°,,
— v s—— S

S ——— -
regulatory DNA exon intron l gene expression
sequences
e prOtEIN

& folded protein
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provided by the Human Genome Project is unprecedented in biology (Figure
4-16 and Table 4-1); the human genome is 25 times larger than any other
genome sequenced so far, and is 8 times as large as the sum of all previously
sequenced genomes. At its peak, the Human Genome Project generated raw
nucleotide sequences at a rate of 1000 nucleotides per second around the clock.
It will be many decades before this information is fully analyzed, but it willcon-
tinue to stimulate many new experiments and has already affected the content
of all the chapters in this book.

Although there are many aspects to analyzing the human genome, here we
simply make a few generalizations regarding the arrangement of genes in
human chromosomes. The first striking feature of the human genome is how lit-
tle of it (only a few percent) codes for proteins or structural and catalytic RNAs
(Figure 4-17). Much of the remaining chromosomal DNA is made up of short,
mobile pieces of DNA that have gradually inserted themselves in the chromo-
some over evolutionary lime. We discuss these (ansposable elements in detail in
later chapters.

A second notable feature of the human genome is the large average gene size
0f27,000 nucleotide pairs. As discussed above, a typical gene carries in its linear
sequence of nucleotides the information for the linear sequence of the amino
acids of a protein. Only about 1300 nucleotide pairs are required to encode a
protein of average size (about 430 amino acids in humans). Most of the remain-
ing DNA ina gene consists of long stretches of noncoding DNA that interrupt the
relatively short segments of DNA that code for protein. The coding sequences
are called exons; the intervening (noncoding) sequences are called introns (see
Figure 4-15 and Table 4-1).

The majority of human genes thus consist of a long string of alternating
exons and introns, with most of the gene consisting of introns. In contrast, the
majority of genes from organisms with compact genomes lack introns. This
accounts for the much smaller size of their genes (about one-twentieth that of
human genes), as well as for the much higher fraction of coding DNA in their
chromosomes. In addition to introns and exons. each gene is associated with

guilarory DNA which are ible for ensuring that the gene is

(o))

8)

Figure 4-16 Scale of the human
genome. If each nucleotide pair is drawn
as | mm as in (A), then the human
genome would extend 3200 km
(approximately 2000 miles), far enough to
stretch across the center of Africa, the site
of our human origins (red fine in B). At
this scale, there would be, on average, a
protein-coding gene every 300 m. An
average gene would extend for 30 m. but
the coding sequences in this gene woula
add up to only just over a meter.

TABLE 4-1 Vital Statistics of Human Chromosome 22 and the Entire Human Genome

HUMAN GENOME

CHROMOSOME 22
DNA length 48 x 10° nucleotide pairs*
Number of genes approximately 700

Smallest protein-coding gene
Largest gene
Mean gene size

1000 nucleotide pairs
583,000 nucleotide pairs
19,000 nucleotide pairs

Smallest number of exons per gene 1

Largest number of exons per gene 54

Mean number of exons per gene 54

Smallest exon size 8 nucleotide pairs

Largest exon size 7600 nucleotide pairs
Mean exon size 266 nucleotide pairs
Number of pseudogenes** more than 134
Percentage of DNA sequence in exons 3%

(protein coding sequences)

‘Percentage of DNA in high-copy 42%
repetitive elements
Py ige of total human genome 1.5%

32x10°
approximatety 30,000
not analyzed

2.4 x 10% nucleotide pairs
27,000 nucleotide pairs
1

178

88

not analyzed

17,106 nucleotide pairs
145 nucleotide pairs
not analyzed

1.5%

approximately 50%

_100%

*The nucleotlde sequence of 338 X 105 nucleotides is known; the rest of the chromosome consists primarily of very short repeated

sequences that do not code for proteins or RNA.
thatofa

deletion

** A pseudogene is a nucleotide sequence of DNA closely

gene. but

mutations that prevent its proper expression. Moest pseudogenes arise from the duplication of a functionalgenefollowed by the

ofd ions in one copy.
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Figure 4-17 Representation of the
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expressed at the proper level and time, and the proper type of cell. In humans,
the regulatory sequences for a typical geneare spread oui over tens of thousands
of nucleotide pairs. As would be expected, these regulaiory sequences are more
compressed in organisms with compact genomes. We discuss in Chapter 7 how
regulatory DNA sequences work.

Finally, the nucleotide sequence of the human genome has revealed that the
critical information seems to be in an alarming state of disarray. As one com-
mentator described our genome, “In some ways it may resemble your
arage/bedroom/refrigerator/life: highly individualistic, but unkempt; little evi-
ence of organization; much acct d clutter (referred to by the uninitiated
s ‘junk’); virtually nothing ever discarded; and the few patently vatuable items
discriminately, apparently carelessly, scattered throughout.”

Comparisons Between the DNAs of Related Organisms
Distinguish Conserved and Nonconserved Regions of
DNA Sequence

A major obstacle in interpreting the nucleotide sequences of human chromo-
somes is the fact that much of the sequence is probably unimportant. Moreover,
he coding regions of the genome (the exons) are typically found in short seg-
ments (average size about 145 nucleotide pairs) floating in a sea of DNA whose
exact nucleotide sequence is of little consequence. This arrangement makes it
ery difficult 10 identify all the exons in a stretch of DNA sequence; even harder
is the determination of where a gene begins and ends and how many exons it
‘spans. Accurate gene identification requires approaches that extract informa-
tion from the inherently low signal-to-noise ratio of the human genome, and we
describe some of them in Chapter 8. Here we discuss the most general approach,
one that has the potential to identify not only coding sequences but also addi-
tional DNA sequences that are important. It is based on the observation that
qt that have a function are conserved during evolution, whereas those
thout a function are free to mutate randomty. The sirategy is therefore to com-
e the human sequence with that of the corresponding regions of a related
genome, such as that of the mouse. Humans and mice are thought to have
diverged from a common mammalian ancestor about 100 x 108 years ago, which
long enough for the majority of nucleotides in their genomes to have been
anged by random mutational events. Consequently, the only regions that will
ave remained closely similar in the two genomes are those in which mutations
would have impaired function and put the animals carrying them at a disadvan-
tage, resulting in their elimination from the population by natural selection.
Such closely similar regions are known as conserved regions. In general, con-
served regions represent functionally important exons and regulatory
sequences. In contrast, nonconserved regions represent DNA whose sequence is
Enerally not critical for function. By revealing in this way the results of a very

Ng natural “experiment,” comparative DNA sequencing studies highlight the
MOst interesting regions in genomes.
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human genome. LINES, SINES,
retroviral-like elements, and DNA-only
transposons are all mobile genetic
elements that have multiplied in our
genome by replicating themselves and
inserting the new copies in different
positions. Mobile genetlc elements are
discussed in Chapter 5. Simple sequence
repeats are short nucleotide sequences
(less than 14 nucleotide pairs) that are
repeated again and again for long
stretches.Segmental duplications are large
blocks of the genome (1000-200.000
nucleotide pairs) that are present at two
or more locations in the genome. Over
half of the unique sequence consists of
genes and the remainder i probably
regulatory DNA. Most of the DNA
present in heterochromatin, a specialized
type of chromatin (discussed later in this
chapter) that contains relatively few genes,
has not yet been sequenced. (Adapted
from Unvelling the Human Genome,
Supplement to the Wellcome Trust
Newsletter. London:Wellcome Trust.
February 2001)
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Comparative studies of this kind have revealed not only that mice and
humans share most of the same genes, bu also that large blocks of the mouse
and human genomes contain these genes in the same order, a feawure called

conserved synteny (Figure 4-18). Conserved synteny can also be led by
chromosome painting, and this technique has been used to reconstruct the evo-
lutionary history of our own chromosomes by comparing them with those from
other mammals (Figure 4-19).

Chromosomes Exist in Different States Throughout
the Life of a Cell

We have seen how genes are arranged in chromosomes, but to form a functional
chromosome, a DNA molecule must be able to do more than simply carry genes:
it must be able to replicate, and the replicated copies must be separated and reli-
ably partitioned into daughter cells at each cell division. This process occurs
through an ordered series of stages, collectively known as the cell cycle. The cell
cycle is briefly summarized in Figure 4-20, and discussed in detail in Chapter 17.
Only two of the stages of the cycle concern us in this chapter. During interphase
chromosomes are replicated, and during /nitosis they become highly condensed
and then are separated and distributed to the two daughter nuclei. The highly

condensed chromosomes in a dividing cell are known as mirotic cl
This is the form in which chromosomes are most easily visualized; in fact, all the
images of chromosomes shown so far in the chapter are of chromosomes in
mitosis. This condensed state is important in allowing the duplicated chromo-
somes to be separated by the mitotic spindle during cell division, as discussed in
Chapter 18.

During the portions of the cell cycle when the cell is not dividing, the chro-
mosomes are extended and much ol their chromatin exists as long, thin tangled
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pig treeshrew  lemur orangutan human and
african apes
human
chromosome 3
human
chromosome 21
- je=
3 fissions fusion /l/ ) J
2 inversions
a inversion
ancestor DNA of | b 1 plus fission to
human chromosome 3 -1 form chromosome 21
a 10
d z lemur orangutan human
ancestor DNAof r | " 1
human chromosome 21
{A)
(B)
Figure 4-19 A proposed evolutionary history of human chromosome 3 and its relatives in other
mammals. (A) At the lower left is the order of 3 segments h hy d to be present on a
e i chromosome of a mammalian ancestor. Along the top are the patterns of chromasome sequences found in
the chromosomes of modern mammals. The minimum changes necessary to account for the appearance of
the modern chromosomes from the hypothetical ancestor are marked along each branch. In mammals, these
types of changes in chromosome organization are thought to occur once every 5-10 x |0¢ years. The small
circles depicted in the modern chromosomes represent the positions of centromeres. (B) Some of the
chromosome painting experiments that led to the diagram in (A). Each image shows the chromosome most
Figure 4-18 Conserved synteny closely related to human chromosome 3, painted green by hybridization with different segments of DNA,
between the human and mouse lettered a, b, ¢, and d along the bottom of the figure. These letters correspond to the colored segments of the
genomes. Regions from different mouse diagram in (A). (From S. Muller et al., Proc. Natl. Acad. Sci. USA 97:206-21 |, 2000. © National Academy of
chi indi by the colors of Sciences.)
each mouse in B) show conserved synteny
(gene order) with the indicated regions of
the human genome (A). For example the
genes present in the upper portion of
human chromosome | (orange) are
present in the same order in a portion of
mouse chromosome 4. Regions of human
chromosomes that are composed
primarily of short, repeated sequences ar¢
shown in black. Mouse centromeres
(indicated in black in B) are located at the |
ends of chromosomes; no known genes lie
beyond the centromere on any mouse iiterphase
chromosorme
chromosome. For the most part, human
centromeres, indicated by constrictions. i INTERPHASE M PHASE INTERPHASE
occupy more internal positions on i
chromosomes (see Figure 4—I1). 3
(Adapted from International Human Figure 4-20 A simplified view of the eucaryotic cell cycle. During interphase. the cell is actively
Gergme Eheoribmiianie €Xpressing its genes and is therefore synthesizing proteins. Also, during interphase and before cell division, the
409:860-921,2001.) DNA is replicated and the chromosomes are duplicated. Once DNA replication 1s complete, the cell can
_enter M phase, when mitosis occurs and the nucleus is divided into two daughter nuclei. During this stage,
the chromosomes condense, the nuclear envelope breaks down, and the mitotic spindle forms from
Microtubules and other proteins. The condensed mitotic chromosomes are captured by the mitotic spindle,
and one complete set of chromosomes is then pulled to each end of the cell. A nuclear envelope re-forms
round each chromosome set, and in the final step of M phase, the cell divides to produce two daughter cells.
Most of the time in the cell cycle is spent in interphase; M phase is brief in comparison. occupying only about
a0 hour in many mammalian cells.
HROMOSOMAL DNA AND ITS PACKAGING IN THE CHROMATIN FIBER 208
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threads in the nucleus so that individual chromosomes cannot be easily dis-
tinguished (Figure 4-21). We refer to chromosomes in this extended state as
interphase chromosomes.

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

A chromosome operates as a distinct structural unit: for a copy to be passed on
to each daughter cell at division, each chromosome must be able (o replicate,
and the newly replicaled copies must subsequentily be separated and parti-
tioned correctly into the two daughter cells. These basic functions are controlled
by three types of specialized nucleotide sequence in the DNA, each of which
binds specific proteins that guide the hinery that repli and
chromosomes (Figure 4-22).

Experiments in yeasts, whose chromosomes are relatively small and easy to
manipulate, have identified the minimal DNA sequence elements responsible
for each of these functions. One type of nucleotide sequence acts as a DNA
replication origin, the location at which duplication of the DN\ begins. Lucary-
otic chromosomes contain many origins of replication 10 ensure that the entire
chromosome can be replicated rapidly, as discussed in detail in Chapter 5.

BIEE:

INTERPHASE MITOSIS INTERPHASE
telomere i
replication
origin
_— —2 =t B +
centromere
1
portion of
mitotic spindle duplicated
chromosomes

in separate cells
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Figure 4-21 A comparison of
extended interphase chromatin

with the chromatin in a mitotic
chromosome. (A) An electron
micrograph showing an enormous tangle
of chromatin spilling out of a lysed
interphase nucleus. (B) A scanning electrcp
micrograph of a mitotic chromosome: a
condensed duplicated chromosome in
which the two new chromosomes are stll
linked together (see Figure 4-22). The
constricted region indicates the position
of the centromere. Note the difference in
scales. (A. courtesy of Victoria Foe;

B. courtesy of Terry D. Allen))

Figure 4-22 The three DNA
sequences required to produce a
eucaryotic chromosome that can be
replicated and then segregated at
mitosis. Each chromosome has multiple
origins of replication, one centromere, and
two telomeres, Shown here is the
sequence of events a typical chromosome
follows during the cell cycle. The DNA
replicates in interphase beginning at the
origins of replication and proceeding
bidirectionally from the origins across th
chromosome. In M phase, the centromer
attaches the duplicated chromosomes to
the mitotic spindle so that one copy 1s
distributed to each daughter cell during
mitosis. The centromere also helps to ho!d
the duplicated chromosomes together
until they are ready to be moved apart.
The telomeres form special caps at each
chromoscme end.

After replication, the (wo daughter chromosomes remain attached to one
another and, as the cell cycle proceeds, are condensed further to produce
mitotic chromosomes. The presence of a second specialized DNA sequence,
called a centromere, allows one copy of each duplicated and condensed chro-
mosome o be pulled into each daughter cell when a cell divides. A protein com-
plex called a kinerochore forms at the centromere and attaches the duplicated
chromosomes 1o the mitotic spindle, allowing them to be pulled apart (dis-
cussed in Chapter 18).
The third specialized DNA sequence forms telomeres, the ends of a chromo-
some. Telomeres contain repeated nucleotide sequences that enable the ends of
t 10 be efficiently repli 1. Telomeres also perform another func-
tion: the repeated telomere DNA sequences, together with the regions adjoining
them, form structures that protect the end of the chromosome from being recog-
nized by the cell as a broken DNA molecule in need of repair. We discuss this type
of repair and the other features of telomeres in Chapter 5.
In yeast cells, the three types of sequences required to propagate a chromo-
some are relatively short (typically less than 1000 base pairs each) and therefore
use only a tiny fraction of the information-carrying capacity of a chromosome.
Although telomere sequences are fairly simple and short in all eucaryotes, the
DNA sequences that specify centromeres and replication origins in more com-
plex organisms are much longer than their yeast counterparts. For example,
experiments suggest that human centromeres may contain up to 100,000
nucleotide pairs. It has been proposed that human centromeres may not even
require a stretch of DNA with a defined nucleotide sequence; instead, they may
simply create a large, regularly repeating protein-nucleic acid structure. We
return to this issue at the end of the chapier when we discuss in more general
terms the proteins that, along with DNA, make up chromosomes.

DNA Molecules Are Highly Condensed in Chromosomes

All eucaryotic organisms have elaborate ways of packaging DNA into chromo-
somes. Recall from carlier in this chapter that human chromosome 22 contains
about 48 million nucleotide pairs. Stretched out end to end, its DNA would
extend about 1.5 cm. Yet, when it exists as a mitotic chromosome, chromosome
22 measures only about 2 um in length (see Figures 4-10 and 4-11), giving an
eend-10-end compaction ratio of nearly 10,000-fold. This remarkable feat of com-
Ppression is performed by proteins that successively coil and fold the DNA into
higher and higher levels of organization. Although less condensed than mitotic
chromosomes, the DN\ of interphase chromosomes is still tightly packed, with
an overall paction ratio of approxi ly 1000-fold. In the next sections we
discuss the specialized proteins that make the compression possible.

In reading these sections it is important to keep in mind that chromosome
structure is d ic. Not only do ch nes globally d in accord
with the cell cycle, but different regions of the interphase chromosomes con-
dense and decondense as the cells gain access to specific DNA sequences for
gene expression, DNA repair, and replication. The packaging of ct
must therefore be accomplished in a way that allows rapid localized. on-
‘demand access to the DNA.

Nucleosomes Are the Basic Unit of Eucaryotic
Chromosome Structure

The proteins that bind to the DNA to form eucaryotic chromosomes are tradi

tionally divided into two general classes: the histones and the nonhistone
chromosomal proteins. The complex of both classes of protein with the nuclear
DNA of eucaryotic cells is known as chromatin. Histones are present in such
enormous quantities in the cell (about 60 million molecules of each type per
human cell) that their total mass in chromatin is about equal to that of the DNA.
Histones are responsible for the first and most basic level of chromosome
©Organization, the nucleosome, which was discovered in 1974. When interphase
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nuclei are broken open very gently and their contents examined under the elec-
tron microscope, most of the chromatin is in the form of a fiber with a diameter
of about 30 nm (Figure 4-23A). If this chromatin is subjected to treatments that
cause it to unfold partially, it can be seen under the electron microscope as a
series of “beads on a string” (Figure 4-23B). The string is DNA, and each bead is
a “nucleosome core particle” that consists of DNA wound around a protein core
formed Irom histones. The beads on a string represent the first level of chromo-
somal DNA packing.

I'he structural organization of nucleosomes was determined after first iso-
lating them from unfolded chromatin by digestion with particular enzymes
(called nucleases) that break down DNA by cutting between the nucleosomes.
After digestion for a short period, the exposed DNA between the nucleosome
core particles, the linker DNA, is degraded. Each individual nucleosome core
particle consists of a complex of eight histone proteins—two molecules each of
histones H2A, H2B, H3, and H4—and double-stranded DNA that is 146
nucleotide pairs long. The lisrone octamer forms a protein core around which
the double-stranded DNA is wound (Figure 4-24).

l:ach nucleosome core particle is separated from the next by a region of
linker DNA, which can vary in length from a few nucleotide pairs up to about 80.
(The term nucleosome technically refers to a nucleosome core particle plus one
of its adjacent DNA linkers, but it is often used synonymously with nucleosome
core particle) On average, therefore, nucleosomes repeat at intervals of about
200 nucleotide pairs. For example, adiploid human cell with 6.4 x 10° nucleotide
pairs contains apy ly 30 million The formation of nucleo-
somes conver(s a DNA moleculc into a chromatin thread about one-third of its
initial length, and this provides the first level of DNA packing.

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

The high-resolution structure of a nucleosome core particle, solved in 1997,
revealed a disc-shaped histone core around which the DNA was tightly wrapped
1.65 turns in a left-handed coil (Figure 4-25). All four of the hisiones that make
up the core of the nucleosome are relatively small proteins (102-135 amino

Figure 4-24 Structural organization of the nucleosome.

A nucleosome contains a protein core made of eight histone molecules.

As indicated, the nucleosome core particle is released from chromatin by
digestion of the linker DNA with a nuclease,an enzyme that breaks down
DNA. (The nuclease can degrade the exposed linker DNA but cannot attack
the DNA wound tightly around the nucleosome core.) After dissociation

of the isolated nucleosome into its protein core and DNA, the length of the
DNA that was wound around the core can be determined. This length

of 146 nucleotide pairs is sufficient to wrap 1.65 umes around the

histone core.
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Figure 4-23 Nucleosomes as seen

in the electron microscope.

(A) Chromatin isolated directly from an
interphase nucleus appears in the electren
microscope as a thread 30 nm thick.

(B) This electron micrograph shows a
length of chromatin that has been
experimentally unpacked, or decondenses.
after isolation to show the nucleosomes
(A, courtesy of Barbara Hamkalo;

B, courtesy of Victoria Foe.)
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of nucleosome

nucleosome includes
~200 nucleotide
pairs of DNA
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form of chromatin
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Figure 4-25 The structure of a
nucleosome core particle, as
determined by x-ray diffraction
analyses of crystals. Each histone is
colored according to the scheme of
Figure 4-26, with the DNA double helix in
Iight gray. (Reprinted by permission from
K. Luger et al., Nature 389:251-260, 1997.
© Macmillan Magazines Ltd.)

acids), and they share a structural motif, known as the /istone fold, formed from
three o helices connected by two loops (Figure 4-26). In assembling a nucleo-
ome, the histone folds first bind to each other to form H3-H4 and H2A-H2B
dimers, and the H3-H4 dimers combine to form tetramers. An H3-H4 tetramet
en further combines with two H2A-H2B dimers to form the compact octamer
core, around which the DNA is wound (Figure 4-27).

The interface between DNA and histone is extensive: 142 hydrogen bonds
formed between DNA and the histone core in each nucleosome. Nearly half
these bonds form between the amino acid backbone of the histones and the
phosphodiester backbone of the DNA. Numerous hydrophobic interactions and
t linkages also hold DNA and protein together in the nucleosome. For exam-
ple, all the core histones are rich in lysine and arginine (two amino acids with
basic side chains), and their positive charges can effectively neutralize the neg-
atively charged DNA backbone. These numerous interactions explain in part
hy DNA of virtually any sequence can be bound on a histone octamer core. The
path of the DNA around the histone core is not smooth; rather, several kinks are

een in the DNA, as

no acid “t

ues later in the chapter.

N-terminal tail

d from the r
In addition to its histone fold, each of the core histones has a long N-terminal
which extends out from the DNA-histone core (see Figure
27). These histone tails are subject to several different types of covalent mod-
fications, which control many aspects of chromatin structure. We discuss these

'm surface of the core.

B

histone fold ©

Figure 4-26 The overall structural organization of the core
histones. (A) Each of the core histones contains an N-terminal tail, which is
subject to several forms of covalent modification. and a histone fold region,
as indicated. (B) The structure of the histone fold, which is formed by all four
of the core histones. (C) Histones 2A and 28 form a dimer through an
interaction known as the “handshake." Histones H3 and H4 form a dimer
through the same type of interaction, as illustrated in Figure 4-27.
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As might be exp 1 from their fund | role in DNA packaging, the
histones are among the most highly conserved eucaryotic proteins. For example,
the amino acid sequence of histone H4 from a pea and a cow differ at only at 2
of the 102 positions. This strong evolutionary conservation suggests that the
functions of histones involve nearly all of their amino acids, so that a change in
any position is deleterious (o the cell. This suggestion has been tested directly in
yeast cells, in which it is possible to mutate a given histone gene in vitro and
introduce it into the veast genome in place of the normal gene. As might be
expected, most changes in histone sequences are lethal; the few that are not
lethal cause changes in the normal pattern of gene expression, as well as other
abnormalities.

210 Chapter 4 : DNA AND CHROMOSOMES

Figure 4-27 The assembly of a
histone octamer. The histone H3-H4
dimer and the H2A-H2B dimer are
formed from the handshake interaction
An H3-H4 tetramer forms the scaffold of
the octamer onto which two H2A-H2B8
dimers are added, to complete the
assembly. The histones are colored as in
Figure 4-26. Note that all eight N-term al
tails of the histones protrude from the
disc-shaped core structure. In the x-ray
crystal (Figure 4-25), most of the histone
tails were unstructured (and therefore | ot
visible in the structure), suggesting that
their conformations are highly flexible
(Adapted from figures by J.Waterborg))

Despite the high conservation of the core histones, many eucaryotic organ-
isms also produce specialized variant core histones that differ in amino acid
sequence from the main ones. For example, the sea urchin has five histone H2A
ariants, each of which is expressed at a different time during development. It is
ought that nucleosomes that have incorporated these variant histones differ
in stability from regular nucleosomes, and they may be particularly well suited
for the high rates of DNA transcription and DNA replication that occur during
these early stages of development.

The Positioning of Nucleosomes on DNA |s Determined by
Both DNA Flexibility and Other DNA-bound Proteins

though nearly every DNA sequence can, in principle, be folded into a nucleo-
me, the spacing of nucleosomes in the cell can be irregular. Two main influ-
nces determine where nucleosomes form in the DNA. One is the difficulty of
sending the DNA double helix into two tight turns around the outside of the his-
one octamer, a process that requires substantial compression of the minor
oove of the DNA helix. Because A-T-rich sequences in the minor groove are
sier to compress than G-C-rich sequences, each histone octamer tends to
position itself on the DNA so as 10 maximize A-T-rich minor grooves on the
nside of the DNA coil (Figure4-28). Thus, asegment of DNA that containsshort
richsequencesspaced by an integralnumber of DNA turns is easier 1o bend
around the nucleosome than asegment of DNA lacking this feature. In addition,
ause the DNA in a nucleosome is kinked in several places, the ability of a
given nucleotide sequence to accommodate this deformation can also influence
e position of DNA on the nucleosome.

These features of DNA probably explain some striking, but unusual, cases of
ery precise positioning of nucleosomes along a stretch of DNA. For most of the
'DNA sequences found in chromosomes, however, there is no strongly preferred
ucleosome-binding site; a nucleosome can occupy any one of a number of
positions relative to the DNA sequence.

The second, and probably most important, influence on hucleosome posi-
oning is the presence of other tightly bound proteins on the DNA. Some bound
proteins favor the formation of a nucleosome adjacent to them. Others create
‘obstacles that force the nucleosomes to assemble at positions between them.
Finally, some proteins can bind tightly to DNA even when their DNA-binding
site is part of a | The exact positions of nucl along a stretch
‘of DNA therefore depend on factors that include the DNA sequence and the
presence and nature of other proteins bound to the DNA. Moreover, as we see
below, the arrangement of nucleosomes on DNA is highly dynamic, changing
rapidly according to the needs of the cell.

Nucleosomes Are Usually Packed Together into
a Compact Chromatin Fiber

Although long strings of nucleosomes form on most chromosomal DNA, chro-
‘matin in a living cell probably rarely adopts the extended “beads on a string”
form. Instead, the nucleosomes are packed on top of one another, generating reg-
ular arrays in which the DNA is even more highly condensed. Thus, when nuclei
are very gently lysed onto an electron microscope grid, most of the chromatin is
Seen to be in the form of a fiber with a diameter of about 30 nm, which is consid-
erably wider than chromatin in the “beads on a siring” form (see Figure 4-23).
Several models have been proposed to explain how nucleosomes are packed
in the 30-nm chromatin fiber; the one most consistent with the available data is
a series of structural variations known collectively as the Zigzag model (Figure
4-29). In reality, the 30-nm structure found in chromosomes is probably a fluid
mosaic of the different zigzag variations. We saw earlier that the linker DNA that
Connects adjacent nucleosomes can vary in length; these differences in linker
length probably introduce further local perturbations into the zigzag structure.
Finally, the presence of other DNA-binding proteins and DNA sequence that
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Figure 4-28 The bending of DNA in

a nucleosome. The DNA helix
1.65 tight turns around the histos
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inside of the turn. Owing to certain
structural features of the DNA molecule,
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are difficult to fold into nucleosomes punctuale the 30-nm fiber with irregular
features (Figure 4-30).

Several mechanisms probably act together to form the 30-nm fiber from a
linear siring of nucleosomes. First, an add!tional histone, called hisrone Hl, is
involved in this process. H1 is larger than the core histones and is considerably
less well conserved. [n fac, the cells of most eucaryotic organisms mike several
histone H1 proteins of related but quite distinct amino acid sequences. A single
histone H1 moiecule binds © each nucleosome, coniacting both DNA and pro-
tein, and changing the path of the DNA as it ixits from the nucleosome.
Although it is not understood in detail how H1 pulls nucleosomes together into
the 30-nm fiber, a change in the exit path in DNA seems crucial for compacting
nucleosomal DNA so that it interlocks to fiorim the 30-nm fiber (Figure 4-31).

4 second mechanism for forming the 30-nm fiber probably involves the tails
of the core histones, which, as we saw above, extend from the nucleosome. It 1
thought that these tails may help artach one nucleosome to another—thereby
allowing a string of them, with the aid of histone H1, to condense into the 30-nm
fiber (Figure 4-32).

ATP-driven Chromatin Remodeling Machines Change
Nucleosome Structure

For many years biologists thought that, once formed in a particular position on
DNA, a nucleosome remained fixed in place because of the tight association

sequence-specific
DNA binding proteins

|

nucleosome

Figure 4-29 Variations on the Zigzag
modei for the 30-am chromatin
fiber. (A and B) Eleceron micrascopic
evdence for the top and botormief model
structures depieced in (C). (C) Zigzag
variations. An fiserconversion becwieen
these three vartations Is proposed to
occur by an accordion-like expansion and
contracton of the fiber length. Differences
In the fength of the linker becween
adjacent nudeoseme beads can be
accommodated by snaking or colling of
tihe linker DINA, or by small local changes
in the wiath of the fiber. Formation of tae
30-nm fiber requires both histene HI and
the core histone tails; for simpiici
neither is showr here, but see Figures
4-30 and 4-32. (From }. Bednar et al. FPioc
Natl. Acad. Sci. USA 95:14173-14178, 1998
© National Academy of Sciences.)

Figure 4-30 Irregularities in the 30-nm fiber. This schematic view of the 30-nm fiber illustrates its
interruption by sequence-specific DNA-binding proteins. How these proteins bind tightly to DNA is
explained in Chapter 7.The interruptions in the 30-nm fiber may b e due to regions of DNA that lack
nucleosomes altogether or, more probably, to regions that contain altered or remodeled nucleosomes.
Regions of chromaun that are nucleosome free or contain remodeled nucleosome can often be detected
experimentally by the unusually high susceptibility of their DNA to digestion by nucleases—as compared with

the DNA in nucleosomes.
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nistene H1

etween the core histones arid DNA. Buit it has recently been discovered that

aryotic cells contain chromatin remodeling compleses, protein machines
at use the energy of ATP hydrolysis lo change the structure of nuclessoimes
rarily so that DNA becomes less tightly bound 16 the histone core. The
odeled state may result from movement of the H2A-H2ZB dimeis n the

nucleosome core; the H3-H4 tetramer is particutarly stable and would be ditti
It to rearrange (see Figure 4-27)
The remodeling of nucieosome striture has (wo Importanit Conseyiences.

irst, it permits ready access to nucleosomal DNA by other proteins i the celi.
rticularty those Involved in gene expression, DNA replication, and TE'puIT
vemn after the ing complex has lated, the nucleosoime carn rei
a“remodeled state” that contains DNA aiid the full complement oft hlsiof‘ 5
it onie in which the DNA-histone contacts have been looseried; only gradually
this remodeled stae revert  that of a standard nuclecsome. Secoud
nodeling complexes can catalyze changes in the positions of nucleos
ng DNA (Figure 4-33); some can gven transfer a histone core froim one DNA
ulie to another.

Cells have several different chrom
ly in their properties. Most ate large protein complexes th:
re (han (en subunits. Itis likely that they are used whenever a e
ds direct access 10 n DNA for gene 101, DNA rephcation,
r DNA repair. Different g p may have ializ

1 each of these roles. It is thought that the primary role of some "emodehng
plexes is to allow access to nucleosomal DNA, wheieas that of others 15 10
-form nucleosomes when access 1o DNA is no longer required (Figure 4-34)-
Ch are carelully conirolled by the tell We
| see in Chapler 7 ma| when genes are turned on and off, these complexes
be brougln 0 SpeClﬁC Tegloms of DNA where they act locally 1 u\nuence

Figure 4-31 A speculative model for
how histene Hi could change the
patih of DNA as it exivs from the
nuceosome. Hisione HI fgress) conssts
of a globular core and two extended talis.
Part of the effect of HI on the

of nucl
may result frem charge neutralization. like
the core histones, H1 1s posively charged
{especialy its C-terminal taif), and this
helps o compace the riegatvely charged
DNA. Unlike the core histores, HI does
not seem 1o be essential for cel vialiivy,
in one clliated protozoan the rdleus
expands nearly twofoid |f the dbsesce of
Hi, but the cels Stherwise appear

Figure 4-32 A specuiative maodel for
histone tails in the formanion of the
30-mm fiber. (A) The approxiimate exit
points of the eight hrstone taiis, feur frem
each hisesrie subunit. Umat extend from
each nucleosomz. in the high-resolution
structure of the nucleosome (see Pgure
4-25), the tails are largely unstructied,
suggesting that they are highly fiexibie

(B) A speculative model showing how the

histone tails may heip to pack
together into the 30-nm

d ml(UllC chromosomes maintain their structure.

ovalent Modification of the Histone Tails
an Profoundly Affect Chromatin

e N-terminal tails of each of the four core histones are highiy
heir sequence, and perform crucial functions in regulating chromatii structure.

@ B L 8
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fiber. This model 15 based on (i)
experimental evidence that histene taiis
aid In the formation of the 30-nm fiber,
(2) the x-ray crystal struicture of the
nucleosome; which showed that the tils

core of an adjazent nucleosome i the
erystal lattice, and (3) evidence that the
hiscone tails interact with DNA
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standard nucleosomes.
chromatin-
remodeling

; complex

altered positioning remodeled nucleosomes

Each tail is subject to several types of covalent modifications, including acetyla-
tion of lysines, methylation of lysines, and phosphorylation of serines (Figure
4-35A). Histones are synthesized in the cytosol and then assembled into nucleo-
somes. Some of the modifications of histone tails occur just after their synthesis,
but before their assembly. The modifications that concern us, however, take place
once the nucl has been bled. These nucl modifications are
added and removed by enzymes that reside in the nucleus; for example, acetyl
groups are added to the histone tails by histone acetyl transferases (HATs) and
taken off by histone deacetylases (HDACs).

The various modifications of the histone tails have several important con-
sequences. Although modifications of the tails have little direct effect on the
stability of an individual nucleosome, they seem to affect the stability of the

remodeling
complex A
E- A -
-
dissociation /j\ } ‘
i addition of
DN}::::;W remodeling " ‘ 2 DNA-binding proteins
. complex B
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Figure 4-33 Model for the
mechanism of some chromatin
remodeling complexes. In the absence
of remodeling complexes. the
interconversion between the three
nucleosomal states shown is very slow
because of a high activation energy
barrier. Using ATP hydrolysis, chromatin-
remodeling complexes (green) create an
activated intermediate (shown in the
center of the figure) in which the
histone-DNA contacts have been partly
disrupted. This activated state can then
decay to any one of the three
nucleosomal configurations shown. In this
way, the remodeling complexes greatly
increase the rate of interconversion
between different nucleosomal states. The
remodeled state, in which the
histone-DNA contacts have been
loosened, has a higher free energy leve!
than that of standard nucleosomes and
will slowly revert to the standard
nucleosome conformation, even in the
absence of a remodeling complex. Cells
have many different chromatin remodeling
complexes. and they differ in their detailed
biochemical properties; for example, not
all can change the position of a
nucleosome, but all use the energy of
ATP hydrolysis to alter nucleosome
structure. (Adapted from R.E. Kingston
and G Narlikar, Genes Dev.
13:2339-2352, 1999.)

Figure 4-34 A cyclic mechanism for
nucleosome disruption and
re-formation. According to this mode..
different chromatin remodeling complexes
disrupt and re-form nucleosomes.
although. in principle, the same complex
might catalyze both reactions. The DNA-
binding proteins could function in gene
expression. DNA replication, or DNA
repair, and in some cases their binding
could lead to the dissociation of the
histone core to form nucleosome-free
regions of DNA like those illustrated in
Figure 4-30. (Adapted from A, Travers,
Cell 96:311-314.1999.)

-nm chromatin fiber and of the higher-order structures discussed below. For
mple, histone acetylation tends to destabilize chromatin siructure, perhaps
in part because adding an acetyl group removes the positive charge from the
lysine, thereby making it more difficult for histones to neutralize the charges on
DNA as chromatin is compacted. However, the most profound effect of modified
histone tails is their ability to attract specific p ins to a stretch of ct in
that has been appropriately modified. Depending on the precise tail modifica-
tions, these additional proteins can either cause further compaction of the chro-
atin or can facilitate access to the DNA. If combinations of modifications are
en into account, the number of possible distinct markings for each histone tail
is very large. Thus, it has been proposed that, through covalent modification of
e histone tails, agiven stretch of chromatin can convey a particular meaning to

G "

H2B N %—K—"— ‘-"L—‘L‘f - f—w-,;_l—‘ c
5 12 15 20 120

H3

histone-fold
domain

_

N-terminal tail

Figure 4-35 Covalent modification
of core histone tails. (A) Known
modifications of the four histone core
proteins are indicated: Me = methyl group.
Ac = acetyl group, P = phosphate,
u = ubiquitin. Note that some positions
(e Iysine 9 of H3) can be modified in
more than one way. Most of these
modifications add a relatively small
molecule onto the histone tails; the
exception is ubiquitin,a 76 amino acid
protein also used in other cellular
processes (see Figure 6-87). The function
of ubiquitin in chromatin is not well
understood: histone H2B can be modified
by a single ubiquitin molecule; H2A can be
modified by the addition of several
ubiquitins. (B) A histone code hypothesis.
Histone tails can be marked by different
inations of ding
to this hypothesis, each marking conveys a
specific meaning to the stretch of
chromatin on which it occurs. Only a few
of the meanings of the modifications are
known. In Chapter 7, we discuss the way a
doubly-acetylated H4 tail is “read” by a
protein required for gene expression. In
another well-studied case, an H3 tail
methylated at lysine 9 is recognized by a
set of proteins that create an especially
compact form of chromatin, which
silences gene expression.

The acetylation of lysine 14 of histone
H3 and lysines 8 and 16 of histone
Ha—usually associated with gene
expression—is performed by the type A
histone acetylases (HATs) in the nucleus.
In contrast, the acetylation of lysines S and
12 of histone H4 and a lysine of histone
H3 takes place in the cytosol, after the
histones have been synthesized but before
they have been incorporated into
nucleosomes; these modifications are
catalyzed by type B HATs, These modified
histones are deposited onto DNA after
DNA replication (see Figure 5-41), and
their acetyl groups are taken off shortly
afterwards by histone deacetylases
(HDAGC:). Thus, the acetylation at these
positions signals newly replicated
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Modification of a particular position in a
histone tail can take on different meanings
depending on other features of the local
chromatin scructure. For example, the
phosphorylation of position 10 of histone
H3 is associated not only with the
condensation of chromosomes that takes
place in mitosis and meiosis but also with
the expression of certain genes. Some
histone tail modifications are

For example
of H3 position 9 blocks the
phosphorylation of H3 position 10, and
vice versa.
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the cell (Figure 4-35B). For example, one type of marking could signal that the
stretch of chromatin has been newly replicated, and another could signal that
gene expression should not iake place. According to this idea, each different
marking would attract those proteins that would then execute the appropriate
functions. Because the histone tails are extended, and are therefore probably
accessible even when chromatin is condensed, they provide an especially apt
format for such messages.

As with chromatin remodeling complexes, the enzymes that modify (and
remove modifications from) histone tails are usually multisubunit proteins, and
they are tightly regulated. They are brought to a particular region of chromatin
by other cues, particularly by sequence-specific DNA-binding proteins. We can
thus imagine how cycles of histone tail modification and demodification can
allow chromatin structure to be dynamic—locally compacting and decompact-
ing it, and, in addition, attracting other proteins specific for each modification
state. It is likely that histone-modifying enzymes and chromatin remodeling
complexes work in concert to condense and recondense stretches of chromatin;
for example, evidence suggests that a particular modification of the histone tail
attracts a particular type of remodeling complex. Moreover, some chromatin
remodeling complexes contain histone modification enzymes as subunits,
directly connecting the two processes.

Summary

Ageneisa leotid in a DNA molecule that acts as a functional unit for
the production of a protein, a structural RNA, or a catalytic RNA molecule. In eucary-
otes, protein-coding genes are usually composed of a string of alternating introns
and exons. A chromosoine is formed from a single, enormously long DNA molectle
that contains a linear array of many genes. The human genome contains 3.2 x 10°
DNA nucleotide pairs, divided between 22 different autosomes and 2 sex chromo-
somes. Only a small percentage of this DNA codes for proteins or structural and cat-

alytic RNAs. A c I DNA le also three other types of func-
tionally important ide seq plie origins and telomeres allow
the DNA lecule to be pletel, li d, while a centromere attaches the

daughter DNA molecules to the nmonc spmdle, ensuring their accurate segregation
to daughter cells during the M phase of the cell cycle.

The DNA in eucaryotes is tightly bound to an equal mass of histones, which form
a repeating array of DNA-protein particles called nicleosomes. The nucleosone is
composed of an octameric core of histone proteins around which the DNA double
helix is wrapped. Despite irregularities in the positioning of nucleosomes along
DNA, nucleosomes are usually packed together (with the aid of histone HI
molecudes) into quasi-regular arrays to forn a 30-nmn fiber. Despite the high degree
of compaction in chromatin, its srructure niust be htgllly dyrmmw to allow the cell
access to the DNA. Two general gies for ing local chromati
structures are important for this purpose: ATP-driven chromatin remodeling com-
plexes, and an of the N-terminal
tails of the four core histones.

THE GLOBAL STRUCTURE OF CHROMOSOMES

Having discussed the DNA and protein molecules from which the 30-nm chro-
matin fiber is made, we now turn to the organization of the chromosome on a
more global scale. As a 30-nm fiber, the typical human chromosome would still
be 0.1 cm in length and able to span the nucleus more than 100 times. Clearly,
there must be a still higher level of folding, even in interphase chromosomes.
This higher-order packaging is one of the most fascinating—but also one of the
most poorly understood—aspects of chromosome structure. Although its
molecular basis is still largely a mystery, it almost certainly involves the folding
of the 30-nm fiber into a series of loops and coils, as we see below. Our discus-
sion of this higher-order packing continues an important theme in chromosome
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architecture: interphase chromatin structure is fluid, exposing at any given
moment the DNA sequences directly needed by the cell.

We first describe several rare cases in which the overall structure and orga-
nization of interphase chromosomes can be easily visualized, and we explain
that certain features of these exceptional cases may be representative of the
structures of all interphase chromosomes. Next we describe the different forms
of chromatin that make up a typical interphasc chromosome. Finally we discuss
the additional compaction that interphase chromosomes undergo during the

process of mitosis.

Lampbrush Chromosomes Contain Loops
of Decondensed Chromatin

Most chromosomes in interphase cells are too fine and too tangled to be visual-
ized clearly. In a few exceptional cases, however, interphase chromosoimes can be
seen to have a precisely defined higher-order structure, and it is thought that
certain characteristics of these higher-order structures are representative of all
interphase chromosomes. The meiotically paired chromosomes in growing
amphibian oocytes (immature eggs), for example, are highly active in gene
~ expression, and they form unusually stiff and extended chromatin loops. These
- so-called lampbrush chromosomes (the largest chromosomes known) are
clearly visible even in the light microscope, where they are seen to be organized
into a series of large chromatin loops emanating from a linear chromosomal axis
(Figure 4-36).

The organization of a lampbrush chromosome is illustrated in Figure 4-37.
A given loop always contains the same DNA sequence, and it remains extended
in the same manner as the oocyte grows. Other experiments demonstrate that

20um
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Figure 4-36 Lampbrush
chromosomes. (A) A light micrograph of
lampbrush chromosomes in an amphibian
oocyte. Early in oocyte differentiation,
each chromosome replicates to begin
meiosis, and the homologous replicated
chromosomes pair to form this highly
extended structure containing a total of
four replicated DNA molecules, or

o ids. The lampbrush chr

stage persists for months or years, while
the oocyte builds up a supply of materials
required for its ultimate development into
a new individual. (B) Fluorescence light
micrograph showing a portion of an
amphibian lampbrush chromosome. The
regions of the chromosome that are being
actively expressed are stained green by
using antibodies against proteins that
process RNA during one of the steps of
gene expression (discussed in Chapter 6).
The round granules are thought to
correspond to large complexes of the
RNA-splicing machinery that will also be
discussed in Chapter 6. (A. courtesy of
Joseph G. Gall; B, courtesy of Joseph

G. Gall and Christine Murphy.)

217




PAIRED LAMPBRUSH
CHROMOSOMES
chiasma
1l
H loop
T " 3 I'/:hmmomtre
— = axis
Tifilib g I
REGION OF
SINGLE 1 I '
CHROMOSOME l;,i
il
U
extended
— chromatin
104 in loop
SMALL REGION OF
CHROMOSOME -
SHOWING SISTER
CHROMATIDS
chromatin
joining
adjacent
chromomeres

most of the genes present in the DNA loops are being actively expressed (see
Figure 4-36B). Most of the DNA, however, is not in ioops but remains highly
d d in the chr on the axis, which are generally not expressed.
Lampbrush chromosomes illustrate a recurrent theme of this chapter—when
the DNA in a region of chromatin is in use (in this case, for gene expression), that
part of the chromatin has an extended structure; otherwise, the chromatin is
condensed. In lampbrush chromosomes, the structural units of this regulation
are large, precisely defined loops.

Relatively few species undergo the specialization that produces lampbrush
chr H when inj d into amphibian oocytes, the DNA from
organisms that normally do not produce lampbrush chromosomes (e.g., DNA
from a fish) is packaged into lampbrush chromosomes. On the basis of this type
of experiment, it has been proposed that the interphase chromosomes of all
eucaryotes are arranged in loops that are normally (oo small and fragile to be
easily observed. It may be possible in the future to coax the DNA from a mam-
mal such as a mouse to form lampbrush chromosomes by introducing it into
amphibian oocytes. This could allow a detailed correlation of loop structure,
gene arr and DNA seq and we could begin to learn how the
packaging into loops reflects the sequence content of our DNA.

cc

Drosophila Polytene Chromosomes Are Arranged
in Alternating Bands and Interbands

Certain insect cells also have specialized interphase chromosomes that are read-
ily visible, although this type of specialization differs from that of lampbrush
chromosomes. For example, many of the cells of certain fly larvae grow to an
enormous size through multiple cycles of DNA synthesis without cell division.
The resulting giant cells contain as much as several thousand times the normal
DNA complement. Cells with more than the normal DNA complement are said
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Figure 4-37 A model for the
structure of a lampbrush
chromosome. The set of lampbrush
chromosomes in many amphibians
contains a total of about 10.000 chromatin
loops, although most of the DNA in each
chromosome remains highly condensed n
che chromomeres, Each loop corresponds
to a particular DNA sequence. Four
copies of each loop are present in each
cell, since each of the two chromosomes
shown at the top consists of two closely
apposed, newly replicated chromosomes
This four-stranded structure is
characteristic of this stage of development
of the oocyte, the diplotene stage of
meiosis; see Figure 20-12.

] |

1o be polyploid when they contain i r of standard
In several types of secretory cells of fly larvae, however, all the homologous chro-
mosome copies are held side by side, like drinking straws in a box, creating a sin-
gle polytene chromosome. The fact that, in some large insect cells, polytene
chromosomes can disperse to form a conventional polyploid cell demonstrates
that these two chromosomal states are closely related, and that the basic struc-
ture of a polytene chromosome must be similar to that of a normal chromosome.
Polytene chromosomes are often easy to see in the light microscope because
ey are so large and because the precisely aligned side-by-side adherence of
individual chromatin strands greaily elongates the chromosome axis and pre-
nts tangling. Polyteny has been most studied in the salivary gland cells of
Drosophila larvae, in which the DNA in each of the four Drosophila chromo-
omes has been replicated through 10 cvcles without separation of the daughter
hromosomes, so that 1024 (219) identical strands of chromatin are lined up side
side (Figure 4-38).

right arm of
chromosome 3 |

normal mitotic
chromosomes at
same scale

e,
[ A

e
20 um
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Figure 4-38 The entire set of
polytene chromosomes in one
Drosophila salivary cell. These
chromosomes have been spread out for
viewing by squashing them against a
microscope slide. Drosophila has four
chromosomes, and there are four
different chromosome pairs present. But
each chromosome is tightly paired with its
homolog (so that each pair appears as a
single structure), which is not true in
most nuclei (except in meiosis). The four
polytene chromosomes are normally
linked together by regions near their
centromeres that aggregate to create a
single large chromocenter (pink region). In
this preparation, however, the
chromocenter has been split into two
halves by the squashing procedure used.
(Modified from T.S. Painter, J. Hered.
25:465-476, 1934.)
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When polytene chromosomes are viewed in the light microscope, distinct
alternating dark bands and light interbands are visible (Figure 4-39). Each band
and interband represents a set of 1024 identical DNA sequences arranged in reg-
ister. About 95% of the DNA in polytene chromosomes is in bands, and 5% is in
interbands. The chromatin in each band appears dark, either because it is much
more condensed than the chromatin in the interbands, or because it contains a
higher proportion of proteins, or both (Figure 440). Depending on their size,
individual bands are estimated (o contain 3000-300,000 nucleotide pairs in a
chromatin strand. The bands of Drosopiiila pol el can be rec-
ognized by their different thicknesses and spacings, and each one has been
given a number o generate a chromosome “map.” There are approximately
5000 bands and 5000 interbands in the complete set of Drosophila polytene
chromosomes.

Both Bands and Interbands in Polytene Chromosomes
Contain Genes

The reproducible pattern of bands and interbands seen in Drosophila polytene
chromosomes means that these interphase chromosomes are highly organized.
Since the 1930s, scientists have debated the nature of this organization, and we
still do not have a clear answer. Because the number of bands in Drosophila
chromosomes was once thought to be roughly equal 1o (he number of genes in
the genome, it was initially thought that each band might correspond (o a single
gene; however, we now know this simple idea is incorvect. There are nearly three
times more genes in Drosophila than chromosome bands, and genes are found
in both band and interband regions. Moreover, some bands contain multiple
genes, and some bands seem to lack genes altogether.

It seems likely that the band-interband pattern reflects different levels of
gene expression and chromatin structure along the chromosome, with genes in
the less compact interbands being expressed more highly than those in the more
compact bands. In any case, the remarkable appearance of fly polytene chro-
mosomes is thought to reflect the | 1s nature of the ch in com-
paction found along all interphase chromosomes. In the next section we see
how the appearance of a band can change dramatically when the gene or genes
within it become highly expressed.

Individual Polytene Chromosome Bands Can Unfold
and Refold as a Unit

A major factor controlling gene expression in the polytene chromosomes of

Drosophila is the insect steroid hormone eccysone, the levels of which rise and

fall periodically during larval development. When ecdysone concentrations rise,

bands
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Figure 4-39 A light micrograph of a
portion of a polytene chromosome
from Drosophila salivary glands. T-¢
distinct pattern produced by bands and
interbands is readily seen.The bands are
regions of increased chromatin
concentration that occur in interphase
chromosomes. Alchough they are
detectable only in polytene chromosomes.
it is thought that they reflect a structure
common to the chromosomes of most
eucaryotes. (Courtesy of Joseph G. Gall))

Figure 4-40 An electron micrograph
of a small section of a Drosophila
polytene chromosome seen in thin

section. Bands of very different thickness

can be readily disunguished, separated by
interbands, which contain less condensed
chromatin. (Courtesy of Veikko Sorsa.)
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ey induce the expression of genes coding for proteins that the larva requires
each molt and for pupation. As the organism progiesses from one develop-
ental stage (0 another, distinctive chromosome puffs arise and old puffs recede
s new genes become expressed and old ones are turned off (Figure 4—-41). From
nspection of each puff when it is relatively small and the banding pattern is still
ernible, it seems that most puffs arise from the decondensation of a single
romosome band.

The individual chromatin fibers that make up a puff can be visualized with
electron microscope. For technical reasons, this is easier in the polytene
romosomes from a different insect, Cliironomus tentans, a midge. Electron
icrographs of certain puffs, called Balbiani rings, of Chirononius salivary gland
polytene chromosomes show the chromatin arranged in loops (Figures 4-42 and

Figure 4=41 Chromosome puffs. This
series of time-lapse photographs shows
how puffs arise and recede in the
polytene chromosomes of Drosophila
during larva! development. A region of the
left arm of chromosome 3 is shown. It
exhibits five very large puffs in salivary
gland cells, each active for only a short
developmental period. The series of
changes shown occur over a period of
22 hours, appearing in a reproducible
pattern as the organism develops. The
designations of the indicated bands are
given at the left of the photographs.
(Courtesy of Michael Ashburner)

Figure 4-42 RNA synthesis in
chromosome puffs. (A) Polytene
chromosomes from the salivary glands of
the insect C. tentans, As outlined in
Chapter | and described in detail in
Chapeer 6, the first step in gene
expression is the synthesis of an RNA
molecule using the DNA as a template. In
this electron micrograph. newly
synthesized RNA from a Balbiani ring gene
is indicated in red. Cells were exposed to
a brief pulse of BrUTP (an analog of UTP),
which was incorporated into RNA. Cells
were then fixed and the newly synthesized
RNAs were identfied by using antibodies
against BrU. Balbiani ring RNAs could be
distinguished from other RNAs by their
characteristic shape (see Figure 443).The
blue dots in the figure represent positions
of Balbiani ring RNAs that were
synthesized before the addition of BrUTP.

3), much like those observed in the amphibian lampbrush chron
discussed earlier. Additional experiments suggest that each loop contains a

Balbiani ring polytene chromosomes  cytosol

nucleus —_ —
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The experi shows that Balbiani ring
RNAs are synthesized in puffs and then
diffuse through the nucleoplasm. (B) An
autoradiogram of a single puff in a
polytene chromosome. The portion of the
chromosome indicated is undergoing RNA
synthesis and has therefore become
labeled with JH-uridine. (A, courtesy of

B. Daneholt, from O.P Singh et al., Exp. Cell
Res. 251:135-146, 1999. © Academic
Press: B, courtesy of José Bonner)

RNA synthesis
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single gene. When not expressed, the loop of DNA assumes a thickened struc-
ture, possibly a folded 30-nm fiber, but when gene expression is occurring, the
loop becomes more cxtended. Both types ol loops contain the four core histones
and histone H1.

11 seems likely that the default loop structure is a folded 30-nm fiberand that
the histone modifying enzymes, chromatin remodeling complexes, and other
proteins required for gene expression alt help to convert it to a more extended
form whenever a gene is expressed. In electron micrographs, the chromatin
located on either side of the d di iloop app iderably more com-
pact, which is consistent with the idea that a loop constitutes an independent
functional domain of chromatin structure.

Although controversial, it has been proposed that all of the DNA in polytene
chromosomes is arranged in loops that condense and decondense according to
when the genes within them are expressed. It may be that all interphase chro-
mosomes from all eucaryotes are also packaged into an orderly series of looped
domains, each containing a small number of genes whose expression is regulated
in a coordinated way (Figure 4-44). We shall return to this issue in Chapter 7
when we discuss the ways in which gene expression is regulated by the cell.

Heterochromatin Is Highly Organized and Usually
Resistant to Gene Expression

tlaving described some features of interphase chromosomes inferred from a few
rare cases, we now turn 1o characteristics of interphase chromosomes that can be
observed in a wide variety of organisms. Light-microscope studies in the 1930s
distinguished between two types of chromatin in the interphase nuclei of many
higher eucaryotic cells: a highly condensed form, called heterochromatin, and
all the rest, which is less condensed, called euchromatin. Euchromatin is com-
posed of the types of chromosomal structures—30-nm fibers and looped
domains—that we have discussed so far. Heterochromatin, in contrast, includes
additional proteins and probably represents more compact levels of organiza-
tion that are just beginning to be understood. In a typical mammalian cell,
approximately 10% of the genome is packaged into heterochromatin. Although
present in many locations along chromosomes, it is concentrated in specific
regions, including the centromeres and telomeres.

Most DNA that is folded into heterochromatin does not contain genes. How-
ever, genes that do become packaged into heterochromatin are usually resistant
(o being expressed, hecause heterochromatin is unusually compact. This does
not mean that heterochromatin is useless or deleterious to the cell; as we see
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distal

direction of
transcription

chromatin

Figure 4-43 Polytene chromosomes
from C. tentans. The electron
micrograph shows a thin section of the
chromatin in a Balbiani ring, a
chromosome puff very active in gene
expression. The Balbiani ring gene codes
for secretory proteins the larvae uses to
spin a protective tube.The chromatin
arranged in loops. but because the sample
has been sectioned, only portions of the
loops are visible.As they are synthesized
on the chromatin, the RNA molecules are
bound up by protein molecules, making
them visible as knobs on staks in the
electron microscope. From the size of the
RNA-protein complex. the extent of RNA
synthests (transcription) can be inferred: a
whole chromatin loop {shown on the
right) can then be reconstructed from a
set of electron micrograph sections su
as that shown here. (Courtesy of

B Daneholt. from U. Skoglund et al,, Ce/l
34:847-855. 1983. © Elsevier.)

below, regions of heterochromatin are responsible for the proper functioning of
telomeres and centromeres (which lack genes), and its formation may even help
protect the genome [rom being overtaken by “parasitic” mobile elements of
DNA. Moreover, a few genes require location in heterochromatin regions if they
re to be expressed. In fact, the term /ieterochromatin (which was first defined
tologically) is likely to encompass several distinct types of chromatin struc-
es whose common feature is an especially high degree of organization. Thus,
heterochromatin should not be thought of as encapsulating “dead” DNA, but
ather as creating different types of compact chromatin with distinct features
and roles.

Heterochromatin's resistance to gene expression makes it amenable to study

en in organisms in which it cannot be direcily observed. When a gene that is
normally expressed in euchromatin is experimentally relocated into a region of
eterochromatin, it ceases to be expressed, and the gene is said to be silenced.
ese differences in gene expression are examples of position effects, in which
the activity of a gene depends on its position along a chromosome. First recog-
ized in Drosophila, position effectshave now been observed in many organisms
ind they are thought to reflect an influence of the different states of chromatin
structure along chromosomes on gene expression. Thus, chromosomes can be
onsidered as mosaics ol distinct forms of chromatin, each of which has a spe-
rial effect on the ability of the DNA it contains to be addressed by the cell.
Many position effects exhibit an additional feature called position effec
ieg which is ible for the mottled appearance of the fly eye and
e sectoring of the veast colony in the examples shown in Figure 4-45. These
tierns can result from patches of cells in which a silenced gene has become
ctivated; once reactivated, the gene is inherited stably in this form in daugh-
ter cells. Alternatively, a gene can start out in cuchromatin early in development.
ind then be selected more or less randomly or packaging into heterochromatin,
causing its inactivation in a cell and all of its daughters.
The study of position effect variegation has revealed two important charac-
eristics of heterochromatin. First, heterochromatin is dvnamic; it can “spread”
to a region and later “retract” from it at low but observable frequencies. Sec-
d, the state of chromatin—whether heterochromaiin or euchromatin—tends
to be inherited from a cell to its progeny. These (wo features are responsible for
position effect variegation, as explained in Figure 4-46. In the next section, we
discuss several models (0 account for the self-sustaining nature of heterochro-
I matin, once it has been lormed.

looped domain
folded

histone

modifying enzymes.
chromatin

remodeling complexes

RNA polymerase
—_— -

i BT L

proteins forming chromosome scaffold
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Figure 4-44 A model for the structure of an interphase chromosome. A section of an interphase

20,000-100,000

chromosome is shown folded into a series of looped domains. each
pairs of double-helical DNA condensed into a 30-nm fiber. Individual loops can decondense, perhaps in part
through an accordionlike expansion of the 30-nm fiber (see Figure 4-29), when the cell requires direct access
to the DNA packaged in these loops. This decondensation is brought about by enzymes that directly modify
chromatin structure—as well as by proteins, such as RNA polymerase (discussed in Chapter 6), that act
directly on the underlying DNA. It 1s not understood how the folded 30-nm fiber is anchored to the
chromosome axis, but evidence suggests that the base of chromosomal loops is rich in DNA topoisomerases.
which are enzymes that allow DNA to swivel when anchored (see pp. 251-253).
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Figure 4-45 Position effects on gene
expression in two different
eucaryotic organisms. (A) The yeast
ADE2 gene at its normal chromosomal
location is expressed in all cells. When
moved near the end of a yeast
chromosome, which is inferred to be
folded into a form of heterochromatin, the
gene is no longer expressed in most cell
of the population. The ADE2 gene codes
for one of the enzymes of adenine

(A
B
f telomere telomere
( ¢
\ ADE2 gene at normal location
N o on chromosome
white colony of
yeast cells
[ =1 == —m.
ADE2gene moved near telomere
red colony of
yeast cells

with white sectors

(B)

white gene
at normal
location
heterochromatin

rare chromosome
inversion
- ~.

whitegene
near heterochromatin

The Ends of Chromosomes Have a Special Form
of Heterochromatin

Unlike the nucleosome and the 30-nm fiber, heterochromatin is not well under-
stood structurally. It almost certainly involves an additional level of folding of
30-nm fiber and requires many proteins in addition to the histones. Although its
chromosomes are too small to be seen under the light microscope, the molec-
ular nature of heterochromatin is probably best understood in the simple yeast
S. cerevisiae. Many experiments with yeast cells have shown that the chromatin
extending inward roughly 5000 nucleotide pairs from each chromosome end is
resistant to gene expression, and probably has a structure that corresponds toat
least one type of heterochromatin in the chr 1es of more organ-
isms. Extensive genetic analysis has led to the identification of many of the yeast
proteins required for this type of gene silencing.

Mutations in any one of a set of yeast Silent information regulator (Sir) pro-
teins prevent the silencing of genes located near telomeres, thereby allowing
these genes to be expressed. Analysis ol these proteins has led to the discovery
of atel bound Sir protein thatr underacetylated N-ter-
minal tails of selected histones (Figure 4-47A). One of the proteins in this com-
plex is a highly conserved histone deacetylase known as Sii2, which has
h logs in diverseorgani including humans, and presumably has a major
role in creating a pattern of histone underacetylation unique to heterochro-
matin. As discussed earlier in this chapter, deacetylation of the histone tails is
thought to allow nucleosomes to pack together into tighter arrays and may also
render them less susceptible tosome chromatin remodeling complexes. In addi-
tion, heterochromatin-specific patterns of histone tail modification are likely to
attract additional proteins involved in forming and maintaining heterochro-
matin (see Figure 4-35).
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Yy is,and the absence of the ADE.
gene product leads to the accumulation f
a red pigment. Therefore, a colony of cells
that expresses ADE2 is white, and one
composed of cells where the ADE2 gene 1s
not expressed is red. The white sectors
that fan out from the middle of the red
colony grown on an agar surface
represent the descendants of cells in
which the ADE2 gene has spontaneousl,
become active. These white sectors are
thought to result from a heritable change
to a less tightly packed state of chromaun
near the ADE2 gene in these cells.
Although yeast chromosomes are too
small to be seen under the light
microscope, the chromatin structure at
the ends of yeast chromosomes is thought
to have many of the same structural
features as the heterochromatin in the
chromosomes of larger organisms,

(B) Position effects can also be
observed for the white gene in the fruit fly
Drosophila. The white gene controls eye
pigment production and is named after
the mutation tha first identified it. Wild
type flies with a normal white gene (white |
have normal pigment production, which
gives them red eyes, but if the white gene
is mutated and inactivated, the mutant flies
(white”) make no pigment and have whits
eyes. In flies in which a normal white* gene
has been moved near a region of
heterochromatin, the eyes are mottled.
with both red and white patches.The white
patches represent cells in which the whie
gene has been silenced by the effects of
the heterochromatin. In contrast, the red
patches represent cells that express the
white* gene because the heterochromatin
did not spread across this gene at the
time. early in development. when the
heterochromatin first formed. As in the
yeast, the presence of large patches of red
and white cells indicates that the state of
transcriptional activity of the gene is
inherited, once determined by its
chromatin packaging in the early embryo.

boundary

3o early in the developing ambryo, heterochromatin forms and spreads into ncighboring
12345 euchromatin to different extents in different cells
e
12345 12345
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cell proliferation
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clone of cells with
gene 1 inactive

clone of cells with
genes 1, 2, and 3 inactive

clone of cells with
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Figure 4—46 The cause of position effect variegation in Drosophila. (A) Heterochromatin (blue) is
normally prevented from spreading into adjacent regions of euchromatin (green) by special boundary DNA
sequences, which we discuss in Chapter 7. In flies that inherit certain chromosomal rearrangements. however,
this barrier is no longer present. (B) During the early development of such flies, heterochromatin can spread
into neighboring chromosomal DNA. proceeding for different distances in different cells. This spreading soon
stops, but the established pattern of heterochromatin is inherited, so that large clones of progeny cells are
produced that have the same neighboring genes condensed into heterochromatin and thereby inactivated
(hence the “variegated" appearance of some of these flies: see Figure 4—45B). Although “spreading” is used to
describe the formation of new heterochromatin near previously existing heterochromatin, the term may not
be wholly accurate.There is evidence that during expansion, heterochromatin can “skip over™ some regions
of chromatin, sparing the genes that lie within them from repressive effects. One possibility is that
heterochromatin can expand across the base of some DNA loops, thus bypassing the chromatin contained in
the loop.

But how is the Sir2 protein delivered to the ends of chromosomes in the first
place? Another series of experiments has suggested the model shown in Figure
4-47B. A DNA-binding protein that recognizes specific DNA sequences in yeast
lomeres also binds to one of the Sir proteins, causing the entire Sir protein com-

specific pattern of

telomere repeats at histone tail modification

the tip of chromosome

rest of
chromosome ...
=

) heterochromatin euchromatin

(B)

igure 4-47 Speculative model for the heterochromatin at the ends of yeast chromosomes.

[A) Heterochromatin is generally underacetylated, and underacetylated tails of histone H4 are proposed to
teract with a complex of Sir proteins, thus stabilizing the association of these proteins with nucleosomes.
Ithough shown as fully unacetylated, the exact pattern of histone H4 tail modification required to bind to
the Si- complex is not known with certainty. lh some organisms, the methylation of lysine 9 of histone H3 is
50 a critical signal for heterochromatin formation. In euchromatin, histone tails are typically highly
acetylated. Those of H4 are shown as partially acetylated but, in reality, the acetyfation state varies across
uchromatin. (B) Specialized DNA-binding proteins (blue triangles) recognize DNA sequences near the ends
of chromosomes and attract the Sir proteins, one of which (Sir2) is an NAD*-dependent histone deacetylase.
This then leads to the cooperative spreading of the Sir protein complex down the chromosome. As this
"‘plel spreads, the deacetylation catalyzed by Sir2 helps create new binding sites on nucleosomes for more
Sif protein complexes. A “fold back™ structure of the type shown may also form.
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to create the nucleosome-binding sites that the complex prefers. This “spread-
ing effect” is thought to be driven by the cooperative binding of adjacent Sir
protein complexes, as well as by the folding back of the chromosome on itself
to promote Sir binding in nearby regions (see Figuie 4-47B). In addition, the
formation of heterochromatin probably requires the action of chromatin
remodeling complexes to readjust the positions of nucleosomes as they are
packed together.

Unlike most deacetylases, Sir2 requires NADD* as a cofactor (see Figure 2-60).
‘The NAD* levels in the cell fluctuate with the nutritional health of the cell,
increasing as cells become nutritionally deprived. This feature might cause the
telomeric heterochromatin to spread in response 1o starvation (perhaps to
silence the expression of genes that are not absolutely required for survival) and
then to retract when conditions improve.

The properties of the yeast heterochromatin just described may resemble
features of heterochromatin in more complex organisms. Certainly, the spread-
ing of yeast heterochromatin from telomeres is similar in principle to the move-
ment of heterochromatin thai causes position effect variegation in animals (see
Figure 4-46). Moreover, these properties can be used to explain the heritability
of heterochromatin, as outlined in Figure 4-48. Whatever the precise mecha-
nism ofheterochromatin formation, it has become clear that covalent modifica-
tions of the nucleosome core histones have a critical role in this process. Of spe-
cial importance in many organismsare the /iistone iethyl transferases, enzymes
that methylate specific lysines on histones including lysine 9 of histone H3 (see
Figure 4-35). This modification is “read” by heterochromatin components
(including 11P1 in Drosophila) that specifically bind this modified form of his-
tone H3 (o induce the assembly of heterochromatin. It is likely that a spectrum
of different histone modifications is used by the cell to distinguish heterochro-
matin from euchromatin (see Figure 4-35).

Having the ends of chromosomes packaged into heterochromatin provides
several advantages to the cell: it helps to protect the ends of chromosomes from
being recognized as broken chromosomes by the cellular repair machinery, it
may help 1o regulate telomere length, and it may assist in the accurate pairing
and segregation of chromosomes during mitosis. In Chapter 5 we see that
telomeres have additional structural features that distinguish them from other
parts of chromosomes.

Centromeres Are Also Packaged into Heterochromatin

Heterochromatin is also observed around centromeres, the DNA sequences that
direct the movement of each chromosome into daughter cells every time a cell
divides (sce Figure 4-22). In many complex organisms, including humans, each
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Figure 4-48 Two speculative models
for how the tight packaging of DNA
in heterochromatin can be inherited
during chromosome replication. |-
both cases, half of the specialized
heterochromatin components have been
distributed to each daughter chromosome
after DNA duplication. (A) In this model,
new heterochromatin components bind
cooperatively to the inherited
components, thereby beginning the
process of new heterochromatin
formation. The process is completed with
the assembly of additional proteins and
the eventual covalent modification of the
histones (not shown). (B) In this mode!
the inherited heterochromatin
components change the pattern of histone
modification on the newly formed
daughter nucleosomes nearby, creating
new binding sites for free
heterochromatin components, which
assemble and complete the structure.
Both models can account for the
spreading effects of heterochromatin, and
indeed, both processes may occur
simultaneously in cells.

centromere seems 0 be embedded in a very large stretch of heterochromatin
that persists throughout interphase, even though the centromere-directed
movement of DNA occurs only during mitosis. The structure and biochemical
pmpenies of this so-called centric heterochromatin are not well understood, but,
like other forms of heterochromatin, it silences the expression of genes that are
experimentally placed into it. It contains, in addition to histones (which are typ-
cally underacetylated and methylaied in heterochromatin), several additional
structural proteins that compact the nucleosomes into particularly dense
rrangements.

As with telomeres, our best understanding of the chromatin structure of a
entromere comes from studies of the much simpler centromeres of the yeast
S. cerevisiae. Earlier in this chapter we saw that a simple DNA sequence of
approximately 125 nucleotide pairs was sufficient to serve as a centromere in
this organism. Despite its small size, more than a dozen different proteins
assemble on this DNA sequence; the proteins include a histone H3 variant that.
long with the other core histones, is believed to form a centromere-specific
ucleosome (Figure 4-49A).\Ve do not yet understand what properties this vari-
t type of nucleosome provides tothe cell, but similar specialized nucleosomes
eem to be present in all eucaryotic centromeres (Figure 4-49B). The additional
proteins at the yeast centromere attach it to the spindle microtubules and pro-
de signals that ensure that (his attachment is complete before the later stages
of mitosis are allowed to proceed (discussed in Chapters 17 and 18).

The centromeres in more complex organisms are considerably larger than
hose in budding yeasts. For example, fly and human centromeres extend over
hundreds of thousands of nucleotide pairs and do not seem t contain a cen-
omere-specific DNA sequence. Rather, most consist largely ol short, repeated
'DNA sequences, known as a/pha satellire DNA in humans (Figure 4-50). But the
ame repea! sequences are also found at other (noncentromeric) positions on
hromosomes, and how they specify a centromere is poorly understood. Some-
how the formation of the inner plate of a kinetochore is “seeded,” followed by
the cooperative assembly of the entire group of special proteins that form the
etochore (Figure 4-508). It scems that centromeres in complex organisms are
efined more by an assembly of proteins than by a specific DNA sequence.
There are some striking similarities between the formation and mainte-
ance of centromeres and the formation and maintenance of other regions of
eterochromatin. The entire centromere forms as an all-or-none entity, sug-
esting a highly cooperative addition of proteins after a seeding event. More-
er, once formed, the structure scems to be directly inherited on the DNA as
part of each round of chromosome replication. Thus, for example, some
egions of our chromosomes contain nonfunctional alpha satellite DNA
‘quences thalt seem to be identical to those at the centromere; these
sequences are presumed to have arisen from a chromosome-joining event that
nitially created one chromosome with two centromeres (an unstable, dicentric

centrome-specific

kinetochore protein histone H3

centromere-specific

ATEmchome conventional

m histone H3
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Figure 4-49 The specialized
nucleosome formed on
centromeres. (A) A model for the
proteins that assemble on a yeast
centromere. The specialized nucleosome
contains an H3 variant (called CENP-A in
most organisms). along with core histones
H2A, H2B. and H4.The folding of DNA
into this nucleosome facilitates the
assembly of the other centromere-binding
proteins, which form the kinetochore that
attaches the centromere to the mitotic
spindle (B) The localization of
conventional histone H3 on Drosophila
mitotic chromosomes. The conventional
H3 has been fused to a fluorescent
protein and appears green. A component
of the kinetochore has been stained red
with antibodies against a specific
kinetochore proten. (C) The same
experiment, but with the centromere-
specific histone H3 (instead of the
conventional H3) labeled green. When the
red and green stains are coincident, the
staining appears yeliow. (A.adapted from
PB. Meluh et al., Cell 94:607-613, 1998;

B and C, from S. Henikoff et al.,Proc. Natl.
Acad. Sci. USA 97:716-721,2000.

© National Academy of Sciences.)
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chromosome; F'igure 4-51A). Moreover, in some unusual cases, new human cen-
tromeres (called neocentromeres) have been observed to form spontaneously
on fragmented chromosomes. Some of these new positions were originally
euchromatic and lack alpha satellite DNA altogether (Figure 4-51B).

To explain these observations it has been proposed that de rovo centromere
formation requires an initial marking (or seeding) event, perhaps the formation
of a specialized DNA-protein structure, which, in humans, happens more read-
ily on arrays of alpha satellite DNA than on other DNA sequences. This mark
would be duplicated when the cl divides, and the same centromere
would then function in the next cell division. Very rarely, the mark would be lost
after chromosome replication, in which case it would be very difficult to estab-
lish again (Figure 4-51C). Although the self-renewing nature of centromeres is
not understood in detail, the type of models described for heterochromatin
inheritance in Figure 4-48 could also be critical here.

chromatid

Figure 4-50 The structure of a
human centromere. (A) The
organization of the alpha satelite DNA
sequences, which are repeated many
thousands of times at a centromere.
(B) An entire chromosome. The alpha
satellite DNA sequences (red) are AT-rich
and consist of a large number of repeats
that vary slightly from one another in
their DNA sequence. Blue represents the
position of flanking centric
heterochromatin, which contains DNA
sequences composed of different types of
repeats.As indicated, the kinetochore
consists of an inner and an outer plate,
formed by a set of kinetochore proteins
The spindie microtubules attach to the
kinetochore in M phase of the cell cycle
(see Figure 4-22). (B, adapted from
T.D.Murphy and GH. Karpen, Cell
93:317-320, 1998.)

Figure 4-51 The plasticity of human
centromere formation. (A) Owing o
an ancient chromosome breakage and
rejoining event, some human
chromosomes contain two blocks of alpha
satellite DNA (red), each of which
presumably functioned as a centromere |1

formation of special
nucleoprotein structure that
prefers a satellite DNA

attachment to
microtubules in
mitosis

neocentromere formed
without a satellite DNA

®)

chromosome
replication

spontancous inactivation
©
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its original chr Usually, these
dicentric chromosomes are not stably
propagated because they are attached
improperly to the spindle and are broker
apart during mitosis. In those
chromosomes that survive, one of the
centromeres has spontaneously
inactivated, even though 1t contains all the
necessary DNA sequences. This allows the
chromosome to be stably propagated.

(B) Ina small fraction (1/2000) of human
births, extra chromosomes are observed
in cefls of the offspring. Some of these
extra chromosomes, which have formed
from a breakage event,lack alpha satellite
DNA altogether, yet new centromeres
have arisen from what was originally
euchromatic DNA. (C) A model to explai"
the plasticity and inheritance of
centromeres.

" The plasticity of centromeres may provide an important evolutionary
advantage. We have seen that chromosomes evolve in part by breakage and
rejoining events (see Figure 4-19). Many of these events produce chromosomes
with two centromeres, or chromosome fragments with no centromeres at all.
Although rare, the inactivation of centromeres and their ability to be activated
de novo may occasionally allow newly formed chromosomes to be maintained
stably and thereby fucilitate the process of chromosome evolution.

Heterochromatin May Provide a Defense Mechanism
Against Mobile DNA Elements

DNA packaged in heterochromatin often consists of large tandem arrays of
short, repeated sequences that do not code for protein, as we saw above for the
eterochromatin of mammalian centromeres. In contrast, euchromatic DNA is
ich in genes and other single-copy DNA sequences. Although this correlation is
not absolute (some arrays of repeated sequences exist in euchromatin and some
genes are present in heterochromatin), this trend suggests that some types of
repeated DNA may be a signal for heterochromatin formation. This idea is sup-
ported by experiments in which several hundred tandem copies of genes have
been artificially introduced into the germ lines of flies and mice. In both organ-
isms these gene arrays are often silenced, and in some cases, they can be
observed under the microscope to have formed regions of heterochromatin. In
contrast, when single copies of the same genes are introduced into the same
position in the chromosome, they are actively expressed.
This feature, called repeat-induced gene silencing, may be a mechanism that
cells have for protecting their genomes from being overtaken by mobile genetic
elements. These elements, which are discussed in Chapter 5, can multiply and
insert themselves throughout the genome. According to this idea, once a cluster
of such mobile elements has formed, the DNA that contains them would be
packaged into heterochromatin to prevent their further proliferation. The same
could be r ible for forming the large regions of heterochro-
matin that contain large numbers of tandem repeats of a simple sequence, as
occurs around centromeres.

Mitotic Chromosomes Are Formed from Chromatin
in lts Most Condensed State

Having discussed the dynamic structure of interphase chromosomes, we now
turn to the final level of DNA packaging, that observed for mitotic chromo-
somes. With the exception of a few specialized cases, suchas the lampbrush and
polytene chromosomes discussed above, most interphase chromosomes are (0o
extended and entangled for their structures to be clearly seen. In contrast, the
chromosomes rom nearly all eucaryotic cells are readily visible during mitosis,
when they coil up 10 form highly condensed structures. It is remarkable that this
further condensation, which reduces the length of a typical interphase chromo-
some only about tenfold, produces such a dramatic change in the appearance ot
chromosomes.

Figure 4-52 depicts a typical mitotic ch at the pt stage of
mitosis. The two daughter DNA molecules produced by DNA replication during
interphase of the cell-division cycle are separately folded to produce two sister

h nes, or sister chir ids, held together at their centromeres (see also
Figure 4-21). These chromosomes are normally covered with a variety of
molecules, including large amounts of RNA-protein complexes. Once this cov-
ering has been stripped away, each chromatid can be seen in electron micro-
graphs to be organized into loops of chromatin emanating from a central scaf-
folding (Figures 4-53 and 4-54). Several types of experiment demonstrate that
the order of visible features along a mitotic chromosome at least roughly reflects
the order of the genes along the DNA molecule. Mitotic chr condensa-
tion can thus be thought of as the final level in the hierarchy of chromosome
Packaging (Figure 4-55).
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chromosome

centromere

Figure 4-52 A typical mitotic
chromosome at metaphase. Each
sister chromatid contains one of two
identical daughter DNA molecules
generated earlier in the cell cycle by
DNA replication.

01 pm

Figure 4-53 A scanning electron
micrograph of a region near one end
of a typical mitotic chromosome.
Each knoblike projection is believed to
represent the tip of a separate looped
domain. Note that the two identical paired
chromatids drawn in Figure 4-52 can be
clearly distinguished. (From MP. Marsden
and U.K. Laemmli, Ce/l 17:849-858, 1979.
© Elsevier)
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The compaction of chrormosomes during mitosis is a highly organized and
dynamic process that serves at least two important purposes. Firsi, when con-
densation is complete (in metaphase), sister ct ids have been di
gled from each other and lie side by side. Thus, the sister chromatids can easily
separate when the mitotic apparatus begins pulling them apart. Second, the
compaction of chromosomes protects the relatively fragile DNA molecules from
being broken as they are pulled o0 separate daughter cells.

The condensation of interphase chromosomes into milotic chromosomes
occuwrs in M phase, and it is intimately connected with the progression of the cell
cycle, as discussed detail in Chapters 17 and 18. It requires a class of protcins
called condensins which using the energy of ATP hydrolysis, drive the coiling of
each interphase chromosome thar produces a mitotic chromosome. Con-
densins are large protein complexes that contain SMC proteins: long, dimeric
protein molecules hinged in the center, with globular domains at each end that
bind DNA and hydrolyze ATP (Figure 4-56). When added to purified DNA, con-
densins use the energy of ATP hydrolysis to make Jarge right-handed loops in the
DNA. Although it is notyetknownhowthevact on chromatin, the coiling mode!
shown in Figure 4-56C is based on the fact that condensins are a major struc-
tural p of mitotic chr with one molecule of condensin
being present for every 10,000 nucleotides of mitotic DNA.

Each Mitotic Chromosome Contains a Characteristic
Pattern of Very Large Domains

As mentioned earlier, the display of the 46 human chromosomes at mitosis is
called the human karyotvpe. \WWhen stained with dyes such as Giemsa. mitotic
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Figure 4-54 An electron micrograph
of a mitotic chromosome. This
chromosome (from an insect) was treated
1o reveal loops of chromatin fibers that
emanate from a cencral scaffold of the
chromatd. Such micrographs support the
idea that the chromatin in all
chromosomes is folded into a series of
looped domains (see Figure 4-55)
{Courtesy of Uli Laemmii )

Figure 4-55 Chromatin packing. This
model shows some of the many fevels of
chromatin packing postulated to give rise
to the highly condensed mitotic
chromosome.

(A)

50nm

U -

N
B) SMC dimer

Figure 4-56 The SMC proteins in condensins. (A) Electron micrographs of a purified SMC dimer.

(B) The structure of an SMC dimer. The long central region of this protein 1s an antiparallel colled coil (see
Figure 3—11) with a flexible hinge in its middle, as demonstrated by the electron micrograph in (A).

{C) A model for the way in which the SMC proteins in condensins might compact chromaun. In reality, SMC
proteins are components of a much larger condensin complex. It has been proposed that. in the cell.
condensins coil long strings of looped chromatin domains (see Figure 4-55). In this way the condensins would
form a structural framework that maintains the DNA in a highly organized state during M phase of the cell
cycle. (A, courtesy of H.P. Erickson; B and C, adapted from T.Hirano. Genes Dev. 13:}1-19, 1999)

hromosomes show « striking and reproducible banding pattern along each chro-
osome, as shown in Figure 4-11. These bands are unrelated (0 those described
arlier for the insect polytene chromosomes, which correspond 10 relatively small
egions of interphase chromaiin. In a human mitotic chromosome, all the chro-
atin is condensed and the bands represent a selective binding of the dyes.
By examining human chromosomes very early in mitosis, when they are less
condensed than al metaphase, it has been possible to estimate that the total
ploid genome contains about 2000 distinguishable bands. These coalesce
progressively as condensation proceeds during mitosis, producing fewer and
er bands. As we saw earlier, cytogeneticists routinely use the pattern of these
chromosome bands to discover in patients genetic alterations such as chromo-
ome inversions, Iranslocations, and other types of chromosomal rearrange-
ents (see Figure 4-12).

Mitotic chr bands are d d in chr from species as
liverse as humans and flies. Moreover, the pattern of bands in a chromosome
as remained unchanged over long periods of evolutionary time. Each human
“nromosoine, for example, has a clearly recognizable counterpart with a nearly
entical banding pattern in the chromosomes of the chimpanzee, gorilla, and
anguian—although there are also clear differences, such as chromosome
usion, that give the human 46 chromosomes instead of the ape’s 48 (Figure
~57). This conservation suggests that chromosomes are organized into large
Omains that may be important for chromosomal function.

Even (he thinnest of the bandsin Figure 4-11 prohably contains more than
million nucleotide pairs, which is nearly he size of a bacterial genome. These
ands seem to reflect a rough division of chromosomes into regions of different

human
[ chimpanzee

gorilta
[ orangutan

y

Figure 4-57 Comparison of the
Giemsa pattern of the largest human

content. The nucleotide sequence of 1the human g has led large
on-random blocks of sequence (some greater than 107 nucleotide pairs) that
are significantly higher o1 lower in GC content than the genome-wide nverage
41%. The blocks correlate roughly with the staining pattern of
romosomes. For example, bands that are darkly stained by Giemsa (lhe so-
led G-bands) are correlated with DNA that is low in GC content, whereas
ghtly stained bands (the K-bands) coirespond to DNA of higher than average
content.

In general, GC-rich regions of the genome have a higher density of genes,
Specially of “house-keeping” genes, the genes that are expressed in virtually all
1l types. On the basis of these observations, it has been proposed that the
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1) with
that of chlmpanzee, goritla, and
orangutan. Comparisons among the
staining pacterns of all the chromosomes
indicate that human chromosomes are
more closely related to those of
chimpanzee than to those of gorilla and
that they are more distantly related to
those of orangutan. (Adapted from

M.W. Strickberger. Evolution, 3rd edn
Sudbury, MA: Jones & Bartlerr

Publishers. 2000.)
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Figure 4-58 The polarized orientation of chromosomes found in
certain interphase nuclei. (A) Fluorescent light micrograph of interphase
nuclei from the rapidly growing root tip of a plant. Centromeres are stained
green and teleomeres red by in st hybridization of centromere- and
telomere-specific DNA sequences coupled to the different fluorescent dyes.
(B) Interpretation of (A) showing chromosomes in the Rab| oricntation with
all the centromeres facing one side of a nucleus and all the telomeres
pointing toward the opposite side. (A.from R.Abranches et al. J. Cell Biol.
143:5-12, 1998.© The Rockefeller University Press.)

banding pattern may be related (o gene expression. Perhaps the differentiation
of chromosomes into G- and R-bands reflects subtle differences, determined by
GC content, in the way in which chromatin loops are packaged in these areas. Il
this idea is correci, the rough division of chromosomes can be seen as a form of
compartmentalization, in which the particular cellular components involved in
geneexpression are more concentrated in the R-bands where their activities are
required. Inany case, it should be obvious from this discussion that weare only
beginning to glimpse the principles of large-scale chromosome organization.

Individual Chromosomes Occupy Discrete Territories
in an Interphase Nucleus

Wesaw earlier in this chapter that chromosomes from eucaryotes are contained
in the cell nucleus. I lowever, the nucleus is not simply a bag of chromosomes;
rather, the chromosomes—as well as the other components inside the nucleus
which we shall encounter in subsequent chapters—are highly organized. The
way in which chromosomes are organized in the nucleus during interphase,
when they are active and difficult to see, has intrigued hiologists since the nine-
teenth century. Although our understanding today is far from complete, we do
know some interesting {eawres of these chromosome arrangements.

A certain degree of chromosomal order results from the configuration that
the chromosomes always have at the end of mitosis. Just before a cell divides,
the condensed chiromosomes are pulled to each spindlc pole by microtubules
attached to the centromeres; thus, as the chromosomes move, the centromeres
lead the way and the distal arms (terminating in the telomeres) lag behind. The
chromosomes in some nuclei tend to retain this so-called Rabl orientation
throughout interphase, with their centromeres facing onc pole of the nucleus
and their ielomeres pointing toward the opposite pole (Figures 4-58 and 4-59).
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(A
10 pm

® recently divided pairs of nuclei

Figure 4-59 A polymer analogy for
interphase chromosome
organization. (A) The behavior of a
polymer in solution. Entropy drives a loi g
polymer into a compact conformation in
the absence of an externally applied force
If the polymer is subjected to shear or
hydrodynamic force, it becomes extended
But once the force is removed, the
polymer chain returns to a more
favorable, compact conformation. (B) The
behavior of interphase chromosomes may
reflect the same simple principles. in
Drosophila embryos. for example, mitotic
divisions occur at intervals of about 10
minutes; during the short intervening
interphases, the chromosomes have llerie
ume o relax from the Rabl orientation
induced by their movement during
mitosis. However, in fater stages of
development. when interphase Is much
fonger. the chromosomes have time to
fold up. This folding may be strongly
affected by specific associations becween
different regions of the same
chromosome. (Adapted from A F.
Dernburg et al., Cell 85:745-759, 1996.)

Figure 4-60 Selective “painting” of two interphase chromosomes
in a human peripheral lymphocyte. The fluorescent light micrograph
shows that the two copies of human chromosome 18 (red) and chromosome
19 (trquoise) occupy discrete territories of the nucleus. (From J.A, Croft
etal.f Cell Bol. 145:1119-1131.1999.© The Rockefeller University Press.)

The chiomosomes in most interphase cells are not found in the Rabl orien-
1ation; instead, the centromeres seem to be dispersed in the nucleus. Most cells
have a longer interphase than the specialized cells illusirated above, and this
presumably gives their chromosomes time to assume a different conformation
(see Figure 4-59). Nevertheless. each interphase chromosome does tend to
occupy a discrete and relatively small territory in the nucleus: that is, the differ-
ent chr are not ively intertwined (Figure 4-60).

One device for organizing chromosomes in the nucleus may be the attach-
ment of certain portions of each chromosome to the nuclear envelope (Figure
4-61). For example, in many cells, telomeres scem bound in this way. But the
exact position of a chromosome in a nucleus is not fixed. In the same tissue, for
example, wo apparently identical cells can have different chromosomes as
nearest neighbors.

Some cell biologisis believe that there is an intranuclear Iramework, analo-
gousto the cytoskeleton, on which chre and other components of the
nucleus are organized. The nuclear matrix, or scaffold, has been defined as the
insoluble material left in the nucleus after a series of biochemical extraction
steps.Some of the proteins that constitute it can he shown to bind specific DNA
sequences called SARs or MARs (scaffold-associaled or matrix-associated
regions). These DNA sequences have been postulaled to form the base of chro-
mosomal loops (see Figure 4-44), or to attach chromosomes to the nuclear
envelope and other structures in the nucleus. By means of such chromosomal
attachment sites, the matrix might help to organize chromosomes, localize
genes, and regulate gene expression and DNA replication. It still remains
uncertain, however, whether the matrix isolated by cell biologists represents a
structure that is present in intact cells.

Summary

Chr aregenerally d ensed during interphase, so that their structure
Is difficult to visualize directly. Notable exceptions are the specialized lampbrush
of ver ytes and the polytene chiromosomes in the giant secre-
ry cells of insects. Studies of these two types of interphase cliromosomes siuggest
that eacl: long DNA molecule in a chromosone s divided into a large munber of dis-
‘e domains organized as loops of chromatin, each loop probably consisting of u
lolded 30-nm chromatin fiber. When genes contained in a loop are expressed, ihe
00p decondenses and allows the cell's machinery easy dccess to the DNA.
Euchromatin makes wy most of interphase chroinosomes and probably corre-
onds to looped domains of 30-num fibers. However, euchiromatin is interrupted by
stretches o [ heterochromatin, in which 30-nm fibers are subjected 1o adcditional lev-
€ls of packing that usually render it resistant 1o gene expression. Heterochromatin is
Conimonly found around centromeres and near telomeres, but it is also present at
:Nhel'r itions on chr i blyless 1 than mitotic
h interphase clu occupy discrete territories in the cell nucle-
us; that is, they are not extensively intertwined.

All ¢hiromosomes adopt a highly condensed conformation during mitosis. When
ey are specially slmued these witotic chmmosomes havea lmndl ngstructure that
Hows each individual chr 10 be recognized ly. These bands
tain millions of DNA nucleotide pairs, and they reﬂecl a poorly-understood
rse heterogeneity of clironosome structure.
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Spm
Figure 4-61 Specific regions of
interphase chromosomes in close
proximity to the nuclear envelope.
This tigh-resolution microscopic view of
nuclei from a Drosophila embryo shows
the localization of two different regions of
chromosome 2 (yellow and magenta) close
to the nuclear envelope (stained green
with antilamina antbodies). Other regions
of the same chromosome are more
distant from the envelope. (From
WE. Marshall et al., Mol. Biol. Cell
7:825-842.1996.)
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NA REPLICATION,
EPAIR, AND
ECOMBINATION

ability of cells to maintain a high degree of order in a chaotic universe
pends upon the accurate duplication of vast quantities of genetic information
arried in chemical form as DNA. This process, called DNA replication, must
r before a cell can produce two genetically identical daughter cells. Main-
1ing order also requires the continued surveillance and repair of this genetic
rmation because DNA inside cells is rep ly d d by chemicals and
iation from the environmerit, as well as by thermal accidents and reactive
lecules. In this chapter we describe the protein machines that replicate and
ir the cell's DNA. These machines catalyze some of the most rapid and accu-
processes that take place within cells, and their mechanisms clearly demon-
te the elegance and efficiency of cellular chemistry.
While the short-term survival of a cell can depend on preventing changes in
DNA, the long-term survival of a species requires that DNA sequences be
ngeable over many generations. Despite the great efforts that celis make to
tect their DNA, occasional changes in DNA sequences do occur. Over time,
changes provide the genetic variation upon which selection pressures act
ing the evolution of organisms.
We hegm this chapter with a brief discussion of the changes that occur in
IA as it is passed down from generation to generation. Next, we discuss the
lar mechanisms—DNA replication and DNA repair—that are responsible
keeping these changes to a minimum. Finally, we consider some of the most
Tiguing ways in which DNA sequences are altered by cells, with a focus on
A 1 bination and the mo of special DNA sequences in our chro-
somes called transposable elements.

HE MAINTENANCE OF DNA SEQUENCES

ough the long-term survival of a species is enhanced by occasional genetic
nges, the survival of the individual demands genetic stability. Only rarely do
€ cell's DNA-maintenance processes fail, resulting in permanent change in the
A. Such a change is called a mutation, and it can destroy an organism if it

THE MAINTENANCE OF DNA
SEQUENCES

DNA REPLICATION MECHANISMS

THE INITIATION AND
COMPLETION OF DNA
REPLICATION IN CHROMOSOMES

DNA REPAR
GENERAL RECOMBINATION
SITE-SPECIFIC RECOMBINATION
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MANIPULATING PROTEINS, — mamsgsmeson
DNA, AND RNA s 4

SEQUENCING DNA

ANALYZING PROTEIN STRUCTURE
AND FUNCTION

STUDYIRG GEMNE EXPRESSION AND
FUNCTION

Progress in science is often driven by advances in technology. Biology. for exam-
ple, entered a new era when Anton van Leeuwenhoek, a Dutch dry-goods dealer,
ground the first microscope lens. Peering into his marvelous new looking glass,
van Leeuwenhoek discovered a previously unseen cellular world. where tiny
creatures tumble and twirl in a small droplet of water (Figure 8-1).

The 21* century promises to be a particularly exciting time for biology. New
methods for analyzing proteins, DNA, and RNA are fueling an information
explosion and allowing scientists to study cells and their macromolecules in pre-
viously unimagined ways. \We now have access to the sequences of many billions
of nucleotides, providing the complete molecular blueprints for dozens of
organisms—from microbes and mustard weeds to worms, flies, and humans.
And powerful new techniques are helping us to decipher that information,
allowing us not only to compile huge, detailed catalogs of genes and proteins,
but to begin to unravel how these components work together to form functional
cells and organisms. The goal is nothing short of obtaining a complete under-
standing of what takes place inside a cell as it responds to its environment and
interacts with its neighbors. We want to know which genes are switched on,
which mRNA transcripts are present, and which proteins are active—where they
are located, with whom they partner, and to which pathways or networks they
belong. We also want to understand how the cell successfully manages this stag-
gering number of variables and how it chooses among an almost unlimited
number of possibilities in performing its diverse biological tasks. Possession of
such information will permit us to begin to build a framework for delineating,
and eventually predicting, how genes and proteins operate to lay the founda-
tions for life.

In this chapter we brielly review some of the principal methods used to
study cells and their components, particularly proteins, DNA, and RNA. We con-
sider how cells of different types can be separated from tissues and grown outside
the body and how cells can be disrupted and their organclles and constituent
macromolecules isolated in pure form. We then review the breakthroughs in
recombinant DNA technology that continue to revolutionize our understanding
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of cellular function. Finally we present the latest lechniques used to determine
the structures and functions of proteins and genes, as well as o dissect their
complex interactions.

This chapter serves as a bridge from the basics of cell and molecular biology
10 the detailed discussion of how these macr lecules are organized and
function tegether to coordinate (he growth, development, and physiology of
cells and organisms. The techniques and methods described here have made
possible (he discoveries that are presented throughout this book, and they are
currently being used by tens of thousands of scientists each day.

ISOLATING CELLS AND GROWING THEM
IN CULTURE

Although the or and large i in a cell can be visualized with
microscopes, understanding how these components lunction requires a
detailed biochemical analysis. Most biochemical procedures require obtaining
large numbers of cells and then physically disrupting them to isolate their com-
ponents. If the sample is a piece of tissue, composed of different types of cells,
heterogeneous cell populations will be mixed together. To obtain as much infor-
mation as possible about an individual cell type, biologists have developed ways
of dissociating cells from tissues and separating the various types. 1 hese manip-
ulations result in a relatively homogeneous population of cells thai can then be
analyzed—either directly or after their number has been greatly increased by
allowing the cells to proliferate as a pure culture.

Cells Can Be Isolated from a Tissue Suspension and
Separated into Different Types

The first step in isolating cells of a uniform type from a tissue that contains a
mixture of cell types is to disrupt the extracellular matrix that holds the cells
together. The best yields of viable dissociated cells are usually obtained from
fetal or neonatal tissues. The tissue sample is typically treated with proteolytic
enzymes (such as trypsin and collagenase) to digest proteins in the extracellular
matrixand with agents (such as ethylenediaminetetraacetic acid, or EDTA) that
bind, or chelate, the Ca2* on which cell-cell adhesion depends. The tissue can
then be teased apart into single living cells by gentle agitation.

Several approaches are usedto separate the ditferent cell typesfrom a mixed
cell suspension. One exploits differences in physical properties. Large cells can
be separated from small cells and dense cells from light cells by centrifugation,
for example. These techniques will be described below in connection with the
separation of or les and macromolecules, for which they were originally
developed. Another approach is based on the tendency of some cell types to
adhere strongly 10 glass or plastic, which allows them to be separated from cells
that adhere less strongly.

An important refinement of this last technique depends on the specific
binding properties of antibodies. Antibodies that hind specifically to the surface
of only one cell type in a tissue can be coupled to various matrices—such as col-
lagen, polysaccharide beads, or plastic—to form an affinity surface to which
only cells recognized by the antibodies can adhere. The bound cells are then
recovered by genile shaking, by treatment with trypsin to digest the proteins that
mediate the adhesion, or, in the case of a digestible matrix (such as collagen), by
degrading the matrixitself with enzymes (such as collagenase).

One of the most sophisticated cell-separation technique uses an antibody
coupled to a fluorescent dye to label specific cells. The labeled cells can then be
separated from the unlabeled ones in an ic fluorescence-activared cell
sorrer. In this remarkable machine, individual cells traveling single file in a fine
stream pass through a laser heam and the fluorescence of each cell is rapidly
measured. A vibrating nozzle generates tiny droplets, most containing either
one cell or no cells. The droplets containinga single cell are automatically given
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Figure 8-1 Microscopic life. A sample
of "diverse animalcules™ seen by van
Leeuwenhoek using fis simple
microscope. (A) Bacteria seen in material
he excavated from between his teeth.
Those in fig. B he described as “swimming
first forward and then backwards” (1692)
(B) The eucaryotic green alga Vohox
(1700). (Courtesy of the John Innes
Foundation.)

flask for undeflected droplets

apositive or a negative charge at the moment of formation, depending on whether
the cell they contain is fluorescent; they are then deflected by a strong electric field
into an appropriate container. @ccasional clumps of cells, detected by their
increased light scattering, are left uncharged and are discarded into a waste con-
tainer. Such machines can accurately select 1 fluorescent cell from a pool of 1000
unlabeled cells and sort several thousand cells each second (FFigure 8-2).
Selected cells can also be obtained by carefully dissccting them from thin
tissue slices that have been prepared for microscopic examination (discussed in
Chapter 9). In one approach, a tissue section is coated with a thin plastic film
and a region containing the cells of interest is irradiated with a focused pulse
from an infrared laser. Ihis light pulse melis a small circle of the film, binding
the cells underneath. These captured cells are then removed for further analysis.
The technique, called laser capture microdissection, can be used 10 separate and
analyze cells from different areas of a wumor, allowing their properties to be
compared. Arelated method uses a laser beam to directly cut out agroup of cells
and catapult them into an appropriate container for future analysis (Figure 8-3).

laser beam cuts around
region of interest
thin section of
organ containing -
tumor =
iy

glass microscope slide into container
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Figure 8-2 A fluorescence-activated
cell sorter.A cell passing through the
laser beam is monitored for fluorescence.
Droplets containing single cells are given a
negative or positive charge. depending on
whether the cell is fluorescent or not. The
droplets are then deflected by an electric
field into collection tubes according to
their charge. Note that the cell
concentration must be adjusted so that
most droplets contain no cells and flow to
a waste container together with any cell
clumps.

Figure 8-3 Microdissection
techniques allow selected cells to be
isolated from tissue slices. This
method uses a laser beam to excise a
region of interest and eject it into a
container, and it permits the isolation of
even a single cel from a tissue sample.




Once a uniform population of cells has been obtained—by microdissection
or by any of the separation methods just described—it can be used directly for
biochemical analysis. A homogeneous cell sample also provides a starting
material for cell culture, thereby allowing the number of cells to be greatly
increased and their complex behavior to be studied under the strictly defined
conditions of a culture dish.

Cells Can Be Grown in a Culture Dish

Given appropriate surroundings, mostplant and animal cells can live, multiply,
and even express differentiated properties in a tissue-culture dish. The cells can
be watched continuously under the microscope or analyzed biochemically. and
the effects of adding or removing specific molecules, such as hormones or
growth factois, can be explored. [n addition, by mixing two cell types, the inter-
actions between one cell type and another can be studied. Experiments per-
formed on cultured cells are sometimes said 10 be carried out in vitro (literally,
“in glass”) (o contrast them with experiments using intact organisms, which are
said to be carried out in vivo (literally, “in the living organism"). These terms can
be conlusing, however, because they are often used in a very different sense by
biochemists. In the biochemistry lab, in vitro refers to reactions carried out in a
test tube in the absence of living cells, whereas in vio refers to any reaction tak-
ing place inside a living cell (even cells thatare growing in culture).

Tissue culture began in 1907 with an experiment designed to settle a contro-
versy in neurobiology. The hypothesis under examination was known as the neu-
ronal doctrine, which states that each nerve fiber is the outgrowth of a single
nerve cell and not the product of the fusion of many cells. To test this contention,
small pieces of spinal cord were placed on clotted tissuc fluid in a warm, moist

Figure 8~4 Cells in culture. (A) Phase-contrast micrograph of fibroblasts
in culture. (B) Micrograph of myoblasts in culture shows cells fusing to form
multinucleate muscle cells. (C) Oligodendrocyte precursor cells in culture.
(D) Tobacco cells, from a fast-growing immortal cell line called BY2, n liquid
culeure. Nuclei and vacuoles can be seen in these cells. (A, courtesy of
Daniel Zicha: B. courtesy of Rosalind Zalin;C. from D.G.Tang et al.. . Cell Biol.
148:971-984, 2000. © The Rockefeller University Press; D. courtesy of
Gethin Roberts )

most media also included either a poorly defined mixiure of macromolecules in
the form of horse or fetal calf serum, or a crude extract made from chick
embryos. Such media are still used today for most routine cell culture (Table

8-1), but they make it difficult for the investigator to know which specific macro-
molecules a particular type of cell requires to thrive and to function normally.
This difficulty led to the development of various serum-free, chemically
defined media. In addition to the usual small molecules. such defined media
contain one or more specific proteins that the cells require to survive and prolif
erate in culture. These added proteins include growth factors, which stimulate
cell proliferation, and transferrin, which carries iron into cells. Many of the extra-
cellular protein signaling molecules essential for the survival, development, and

chamber and observed at regular intervals under the microscope. After a day or
so, individual nerve cells could be seen extending long, thin filaments into the
clot. Thus the neuronal doctrine received strong support, and the foundations
forthe cell-culture revolution were laid.

The original experiments on nerve tibers used cultures of small lissue frag-
ments called explants. Today, cultures are more commontly nade from suspen-
sions of cells dissociated from tissues using the methods described earlier.
Unlike bacteria, most tissue cells are not adapied to living in suspension and
require a solid surface on which to grow and divide. For cell cultures, this sup-
port is usually provided by the surface of a plastic tissue-culture dish. Cells vary
in their requirements, however, and many do not grow or diflerentiate unless
the culture dish is coated with specific extracellular matrix components, such
as collagen or laminin, _ - —

Cultures prepared directly from the tissues of an organism, (hat is, without Arginine biotin NaCl glucose insulin

TABLE 8-1 Composition of a Typical Medium Suitable for the Cultivation of Mammalian Cells
AMINO ACIDS VITAMINS SALTS MISCELLANEOUS PROTEINS (REQUIRED IN SERUM-FREE.
CHEMICALLY DEFINED MEDIA)

cell proliferation i1 vitro, are called primary cultures. These can be made with or Cystine choline KCl penicillin transferrin
wilhout an initial fractionation step to separate different cell types. In most Glutamine folate Nal,PO, streptomycin specificgrowth factors
cases, cells in primary cultures can be removed from the culture dish and made Histidine nicotinamide NaliCO4 phenol red
to proliferate to form alarge number of so-called secondary cultures; in this way, Isoleucine pantothenate  CaCl, whole serum
they may be repeatedly subcultured for weeks or months. Such cells often dis- . ERloral MgCl,
play many of the differentiated properties appropriate to their origin: fibroblasts i s
continue to secrete collagen; cells derived [rom embryonic skeletal muscle fuse ysm:e N ‘f‘“"“"_“
toform muscle fibers that contract spontaneously in the culture dish; nerve cells Methionine riboflavin
extend axons thal are electrically excitable and make synapses with other nerve Phenylalanine
cells; and epithelial cells form extensive sheets with many of the properties of an Threonine
intact epithelium (Figure 8-4). Because these phenomena occur in culture, they Trytophan
are accessible to study in ways that are often not possible in intact tissues. Tyrosine
__Valine

Glucose is used at a concentration of 5-10 mM. The amino acids are all in the L form and. with one or two exceptions, are used at
Concentrations of 0.1 or 0.2 mM: vitamins are used at a 100-fold lower concentration. that is, about 1 uM. Serum, which is usually from
horsc or calf. is added (o make up 10% of the total volume. Penicillin and streptoinycin are antibiotics added to suppress the growth of
bacteria. Phenol red is a pH indicator dye whose color is monitored (0 ensurc a pH of about 7.4.
Cultures arc usually grown in a plastic or glass container with a suitably prepared surface that aliows the attachment of cells. The

are keptinan i at37°C inan of 5% CO2, 95% air.

Serum-free, Chemically Defined Media Permit Identification
of Specific Growth Factors
Until the early 1970s tissue culture seemed a blend of science and witchcraft.

Although fluid clots were replaced by dishes of liquid media containing specified
quantities of small molecules such as salts, glucose, amino acids, and vitamins,

—
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proliferation of specific cell types were discovered by studies seeking minimal
conditions under which the cell type behaved properly in culture. Thus, the
search for new signaling molecules has been made much easier by the avail-
ability of chemically defined media.

Eucaryotic Cell Lines Are a Widely Used Source
of Homogeneous Cells

Most vertebrate cells stop dividing alter a finite number ol cell divisions in cul-
ture, a process called cell senescence (discussed in Chapter 17). Normal human
libroblasts, for example, typically divide only 25-40 times in culture before they
stop. In these cells, the limited proliferation capacity reflects a progressive short-
ening of the cell's tclomeres, the repetitive DNA sequences and associated pro-
teins that cap the ends of each chomosome (discussed in Chapter 5). Human
somatic cellshaveturnedoff the enzyme, called relomierase. that normally main-
tains the telomeres, which is why their telomeres shorten with each cell division.
Human fibroblasts can be coaxed to proliferate indefinitely by providing them
with the gene that encodes the catalytic subunit of telomerase: they can then be
propagated as an “immortalized” cell line.

Some human cells, howevel, are not immortalized by this trick. Although
their telomeres remain long, they siill stop dividing after a limited number of
divisions because the culture conditions activate cell-cycle checkpoint mecha-
nisms (discussed in Chapter 17) that arrest the cell cycle. In order to immortalize
these cells. one has 10 do more than introduce tclomerase. One must also inac-
tivate the checkpoint mechanisms, which can be done by introducing certain
cancer-promoting oncogenes derived from tumor viruses (discussed in Chapter
23). Unlike human cells, most rodent cells do not turn off telomerase and there-
fore their telomeres do not shorten with each cell division. In addition, rodent
cells can undergo genetic changes in culture that inactivate their checkpoint
mechanisms, thereby sy isly producing immortalized cell lines.

Cell lines can often be most easily generated {rom cancer cells, but these
cells differ from those prepared from normal cells in several ways. Cancer cell
lines often grow without attaching to a surface, for example, and they can pro-
literate to a very much higher density in a culture dish. Similar properties can be
induced experimentally in normal cells by transforming them with a tumor-
inducing virus or chemical. The resulting transformed cell lines, in reciprocal
fashion, can often cause tumors ifinjected into a susceptible animal. Both (rans-
formed and immortal cell lines are extremely useful in cell research as sources of
very large numbers of cells of a uniform type, especially since they can be stored
in liquid nitrogen at -196°C for an indefinite period and retain their viability
when thawed. It is important to keep in mind, however, that the cells in both
types of cell lines nearly always differ in important ways from their normal pro-
genitors in the tissues from which they were derived. Some widely usedcell lines
are listed in Table 8-2.

Among the most promising cell cultures to be developed—Irom a medical
point of view—are (he human embryonic stem (ES) cell lines. These cells, har-
vested from the inner cell mass of the early embryo, can proliterate indefinitely
while retaining theability to give rise to any part of the body (discussed in Chap-
ter 21). ES cells could potentially revolutionize medicine by providing a source
of cells capable of replacing or repairing tissues that have been damaged by
injury or disease.

Although all the cells in a cell line are very similar, they are ofien not identi-
cal. The genetic uniformity of a cell line can he improved by cell cloning, in
whichasingle cell is isolated and allowed (o proliferate to form a largecolony. In
such a colony; or clone, all the cells are descendants ofa single ancestor cell. One
of the most important uses of cell cloning has been the isolation of mutant cell
lines with defects in specific genes. Studying cells that are defective in a specific
protein often reveals valuable information about the function of that protein in
normal cells.

Some importantsteps in the development of cell culture are listed in able 8-3.
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TABLE 8-2 Some Commonly Used Cell Lines

—

CELL LINE* CELL TYPE AND ORIGIN
B
3T3 libroblast (mouse)
BHK21 fibroblast (Syrian hamster)
MDCK epithelial cell (dog)
Hela epithelial cell (human)
PtK1 epithelial celi (rat kangaroo)
L6 myoblast (rat)
PC12 chromalffin cell (rat)
SP2 plasma cell (mouse)
cos kidney (monkey)
293 kidney (human); transformed with adenovirus
CHO ovary (chinese hamster)
DT40 lymphoma cell for efficient targeted
recombination (chick)
R1 embryonic stem cells (mouse)
El4.1 embryonic stem cells (mouse)
#1, H9 embryonic stem cells (human)
S2 macrophage-like cells ( phila)
BY2 undiff iated meri ic cells (tobacc

*Many of these cell lines werederived from tumors. All of them are capable of indefinite
replication in culture and express at least some of the special characteristics of their cell of
origin. BHK21 cells, HelLa cells, and SP2 cells are capabie of efficient growth in suspension;
mosi of the other cell ines require a solid cutiure substratum in order to multiply.

Cells Can Be Fused Together to Form Hybrid Cells

It is possible (o fuse one cell with another to form a heterocaryon, a combined
cell with two separate nuclei. Typically, a suspension of cells is treated with cer-
tain inactivated viruses or with polyethylene glycol, each of which alters the
plasma membranes of cells in a way that induces them to fuse. | leterocaryons
provide a way of mixing the components of two separate cells in order to study
their interactions. The inert nucleus of a chicken red blood cell, for example, is
reactivated to make RNA and eventually to replicate its DNA when it is exposed
1o the cytoplasm of a growing tissue-culture cell by fusion. The first direct evi-
dence that membrane pioteins are able © move in the plane of the plasma
membrane (discussed in Chapter 10) came from an experiment in which mouse
cells and human cells were fused: although the mouse and human cell-surface
proteins were initially contined to their own halves of the heterocaryon plasma
membrane, they quickly diffused and mixed over the entire surface of the cell.
Eventually, a heterocaryon proceeds to mitosis and produces a hybrid cellin
which the two separate nuclear envelopes have been disassembled, allowing all
the chromosomes to be brought together in a single large nucleus (Figure 8-5).
Although such hybrid cells can be cloned to produce hybrid cell lines, the cells
tend to lose chromosomes and are therefore genetically unstable. For unknown
reasons, mouse-human hybrid cells predominantly lose human chromosomes.
ese chrom arelost at dom, givingrise to a variety of mouse-human
hybrid cell lines, each of which contains only one or a few human chromo-
Somes. This phenomenon has been put to good use in mapping the locations of
8enes in the human genome: only hybrid cells containing human chromosome
11, for example, synthesize human insulin, indicating that the gene encoding
insulin is located on chromosome 11. The same hybrid cells are also used as a
ls_?)urce of human DNA for preparing chromosome-specific human DNA
libraries.

INGCELLS AND GROWING HEM IN CULTURE
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TABLE 8-3 Some Landi ks in the Devel of Tissue and Cell Culture

1885 Roux shows that embryonic chick cells can be maintained alive in a saline solution outside the animal body:
1907 Harrison cultivates amphibian spinal cord in a lymph clot, thereby demonstrating thai axons are produced as

exiensions of single nerve cells.

1910 Rous induces a tumor by using a filtered extract of chicken tumor cells, later shown (o contain an RNA virus

(Rous sarcoma virus).

1913 Carrel shows thar cells can grow for long periods in culture provided they a re fed regularly under aseptic

conditions.

1948  Earleand colleagues isolate single cells of the Lcell linc andshow that they form clones of cells in tissue

culture.

1952  Gey and colleagues establish a continuous line of cells derived from a human cervical carcinoma. which later

become the well-known HeLa cell line.

1954 Levi-Montalcini and associales show that nerve growth facior (NGF) stimulates the growth of axons in tissue

culture.
1955 Eagle makes the first ici igation of the

proportion of serum proteins.
1956 Puck and associates select mutants with aliered growth requirements from culures of Hela cells.

1958 Temin and Rubin develop a quantitative assay for the infection of chick cells in culiure by purilied Rous
sarcoma virus. In the following decade the characteristics of this and other types of viral translormation are

established by Steker, Dulbecco, Green, and other virologists.

1961 Hayflick and Moorhead show that human fibroblasts die after a finite number of divisions in culture.
1964 Littlefield introduces HAT medium for the seleciive growth of somatic cell hybsids. Together with the technique

of cell fusion, 1his makes somatic-cell genetics accessible.
Kato and Takeuchi obiain a complete carrot plant from a single carrot root cell in tissue culiure.

1965 Ham introduces a defined, serum-free medium able (o support the clonal growth of certain mammalian cells.
IHarris and Watkins produce the first heterocaryons of mammalian cells by the vims-induced fusion of hum:n

and mouse cells.

1968  Augusti-Tocco and Sato adapt a mouse nerve cell tumor (neuroblastoma) to lissue culture and isvlate clones
that are electrically excitable and that exiend nerve processes. A number of other differentiated cell lines arc

isolated at about this time, including skeletal muscle and liver cell lines.
1975 Kaohler and Milstein produce the first monoclonal antibody-secreting hybridoma cell lines.

1976 Sato and associates publish the first of a series of papers showing that different cell lines require different

mixiures of hormones and growth factors to grow in serum-Iree medium.

nutritional requirements of cells in culture and
finds that animal cells can propagate in a defined mixture of small molecules supplemented with a small

1977 Wigler and Axel and their associatesdevelop an efficient method for i
genes into cultured cells, adapting an earlier method developed by Graham and van der Eb.

1986 Martin and Evans and colleagues iselate and culiure pluripotent embryonic stem cells from mouse.

1998  Thomson and Gearhart and their associates isolate human embryonic stem cells.

Hybridoma Cell Lines Provide a Permanent Source
of Monoclonal Antibodies

In 1975 the development of a special type of hybrid cell line revolutionized the
production of antibodies for use as tools in cell biology. The technigue involves
propagating a clone of cells from a single antibody-secreling B lymphocyte so
that a homogeneous preparation of antibodies can be obtained in large quan-
tities. The practical probiem, however, is that B lymphocytcs normally have a
limited life-span in culture. To overcome this limitation, individual amibody-
producing B lymphocytes from an immunized mouse or rat are fused with cells
derived from an "imniortal” B lymphocyte tumor. From the resulting heteroge-
neous mixwre of hybrid cells, those hybrids that have both the ability 10 make a
particular antibody and the ability to multiply indefinitely in culture are sel d.
These hybridomas are propagated as individual clones, each of which providesa
permanent and stable souwrce of a single type of monoclonal antibody (Figure
8-6). This antibody recognizes a single 1ype of antigenic sile—for example, a
particular cluster of five or six amino acid side chains on the surface ol a protein.
Their uniform specificity makes monoclonal antibodies much more usetul for
most purposes than conventional antisera, which generally contain a mixture of
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three clones of hybrid cells, each
of which retains a small number
of different human chromosomes
tagether with the full complement
ofmouse chromosomes

USPENSION OF TWO CELL
'ES CENTRIFUGED WITH
FUSING AGENT ADDED

CELL FUSION AND
FORMATION OF
HETEROCARYONS,
WHICH ARE
THEN CULTURED

human  mouse heteracaryon hybrid cell
fibroblast  tumor cell

intibodies that recognize a varicty of different antigenic sites on a macro-
olecule.

The most important advantage of the hybridoma technique is that mono-
lonal antibodies can be made against molecules that constitute only a minor
omponent of a complex mixture. In an ordinary antiserum made against such
mixture, the proportion of antibody molecules that 1ecegnize the minor

murantcell line derived from

B lymphocytes (die after
a few days in culture)

(celts grow indefinitely in normal
medium, but die in selective medium)

FUSION
[}

products plated in multiple wells

only hybridomas grow on the selective medium

Lan | BAN

anti-X antibody

allow cells to multiply, then test l
supernatant for anti-X antibodies;

Positive clones provide
a continuing source of
anti-X antibody
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Figure 8-5 The production of hybrid
cells. Human cells and mouse cells are
fused to produce heterocaryons (each
with two or more nuclei), which
eventually form hybrid cells (each with
one fused nucleus). These particular hybrid
cells are useful for mapping human genes
on specific human chromosomes because
most of the human chromosomes are
quickiy lost in a random manner. leaving
clones that rezain only one or a few.The
hybrid cells produced by fusing other
types of cells often recain most of their
chromosomes.

Figure 8-6 Preparation of
hybridomas that secrete monocional
antibodies against a particular
antigen. Here the antigen of interest is
designated as “antigen X.” The selective
growth medium used afrer the cell fusion
step contains an inhibitor (aminoprerin)
that blocks the normal biosynthetic
pathways by which nucleotides are made.
The cells must therefore use a bypass
pathway to synthesize their nucleic acids.
This pathway is defective in the mutant
cell line derived from the tumor. but it 1s
intactin the ceils obtained from the
immunized mouse. Because neicher cell
type used for the initial fusion can grow
on its own. only the hybrid cells survive
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component would be too small to be useful. But if the B lymphocytes that pro-
duce the various components of this antiserum are made into hybridomas, it
becomes possible to screen individual hybridoma clones from the large mixture
10 select one that produces the desired type of monoclonal antibody and to
propagate the sel 1 hybridoma indefinitely so as to produce that antibody in
unlimited quantities. In principle, therefore. a monoclonal antibody can be
made against any protein in a biological sample.

Once an antibody has been made, it can be used as a specific probe—both
10 trackdown and localize its protein antigen and to purify that protein in order
1o study its structure and function. Because only a small fraction of the estimated
10,000 -20,000 proteins in a typical mamimalian cell have thus far been isolated,
many monoclonal antibodies made against impure protein mixtures in frac-
tionated cell extracts identify new proteins, With the use of monoclonal anti-
bodies and the rapid protein identification methods we shall describe shortly. it
is no longer difficult to identify and characterize novel proteins and genes. The
major problem is instead to determine their function, using a set of powerful
tools that we discuss in the last sections of this chapter.

Summary

Tissues can be di iated into their p cells, from which individual cell
types can be purified and used for biochemical analysis or for the establishmeunt of
cell cultures. Many animal and plait cells survive and proliferate in a culture dish
ifthey are provided with a suitable medium containing nutrients and specific protein
growth factors. Although most animal cells die after a finite nunber of divisions,
immortal cells that arise sy Ly in cudt are g d by adding
genes through genetic i 1 be maintained incly as cell lines.
Clones can be derived [rom a single ancestor cell, making it possible to isolate ini-
Jorm populations of mutant cells with defects in a single protein. Tivo cells can be
Sused to produce heterocaryons with two nuclei, enabling interactions betwees the
components of theoriginal tivo cells to be examined. Heterocaryons eventually form
hybrid cells with a single fused nucleus. Because such cells lose chromosomes, they
can provide a convenient method for assiguing genes to specific chromosomes. One
type of hybrid cell, called a hybridoma, is widely employed to produce unlimited
q of uniform lonal ib which are widely used to detect and
purify cellular proteins.

FRACTIONATION OF CELLS

Although biochemical analysis requires disruption of the anatomy of the cell,
gentle fractionation techniques have been devised to separate the various cell
components while preserving their individual functions. Just as a tissue can be
separated into its living constituent cell types, so the cell can be separated into
its functioning organelles and macromolecules. In this section we consider the
methods that allow organelles and proteins to be purified and analyzed bio-
chemically.

Organelles and Macromolecules Can Be Separated
by Ultracentrifugation

Cells can be broken up in various ways: they can be subjected to osmotic shock
or ultrasonic vibration. forced through a small orifice. or ground up in a blender.
These procedures break many of the membranes ol the cell (including the plas-
ma membrane and membranes of the endoplasmic reticulum) into fragments
that immediately reseal to form small closed vesicles. If carefully applied, how-
ever. the disruption procedures leave organelles such as nuclei, mitochondria,
the Golgi apparatus, lysosomes, and peroxisomes largely intact. The suspension
of cells is thereby reduced to a thick slurry (called a iomogencte or exiracr) that
contains a variety of membrane-enclosed organelles, each with a distinctive
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Figure 8-7 The preparative ultracentrifuge. The sample is contained in
twbes that are inserted into a ring of cylindrical holes in a metal rotor. Rapid
rotation of the rotor generites enormous centrifugal forces. which cause
particles i the sample to sediment. The vacuum reduces friction, preventing
heating of the rotor and allowing the refrigeration system to maintain the
sample at 4°C.

size, charge, and density. Provided that the homogenization medium has been
carefully chosen (by trial and error for each organelle), the various compo-
nents—including the vesicles derived from the endoplasmic reticulum. called
microsomes—retain most of their original biochemical properties.

Thedifferent components of the homogenate must then be separated. Such
cell fracti i becaine possible only after the commercial development in
the early 1940s of an instrument known as the preparative uliracenirifuge, in
which extracts of broken cells arc rotated at high speeds (Figure 8-7). This treat-
ment separates cell components by size and density: in general, the largest units
experience the largest centrifugal force and move the most rapidly. At relatively
lowspeed. large components such as nuclei sediment to forma pellet at the bot-
tom of the centrifuge tube; at slightly higher speed, a pellet of mitochondria is
deposited: and at even higher speeds and with longer periods of centrifugation,
first the small closed vesicles and then the ribosomes can be collected (Figure
8-8). All of these fractions are impure, but many of the contaminants can be
removed by resuspending the pellet and repeating the centrifugation procedure
several times.

Centrifugation is the first step in most [ractionations, but it separates only
components that differ gready in size. A finer degree of separation can be
achieved by layering the homogenate in a thin band on top of a dilute salt solu-
tion that fills a centrifuge tube. \WWhen centrifuged, the various components in
the mixture move as a series of distinct bands through the salt solution, each at
adifferent rate, in a process called velocity sedimentation (Figure 8-9A). For the
procedure to work effectively. the bands must be protected from convective mix-
ing, which would normally occur whenever a denser solution (for example, one
containing organelles) finds itself on top of a lighter one (the salt solution). This
is achieved by filling the centrifuge tube with a shallow gradient ol sucrose pre-
pared by a special mixing device. The resulting density gradient—with the dense
end at the bottom of the tube—keeps each region of the salt solution denser
than any solution above it, and it thereby prevents convective mixing Irom dis-
torting the separation.

When sedimented through such dilute sucrose gradients, different cell com-
ponents separate into distinct bands that can be collected individually. The rel-
ative rate at which each component sediments depends primarily on its size and
shape—being normally described in terms of iis sedimentation coefficient, or s
value. Present-day ultracentrifuges rotate at speeds of up to 80,000 rpm and pro-
duce forces as high as 500,000 times gravity. With these enormous forces, even
small macromolecules, such as tRNA molecules and siinple enzymes, can be
driven to sediment al an appreciable rate and so can be separated from one
anothet by size. M nts of sedi ion coefficients are routinely used
10 help in determining the size and subunit composition of the organized
assemblies of inacromolecules found in cells.

The ultracentrifuge is also used to separate cellular components on the basis
of their buoyant density, independently of their size and shape. In this case the

Figure 8-8 Cell fractionation by centrifugation. Repeated
centrifugation at progressively higher speeds will fractionate homogenates
of cells nto their components. in general, the smaller the subcellutar
component. the greater is the centrifugal force required to sediment it.
Typical values for the varous centrifugation steps referred to in the

figure are:
fow speed 1000 times gravity for 10 munutes
medium speed 20,000 times gravity for 20 minutes
tigh speed 80,000 times gravity for | hour

very high speed  150.000 times gravity for 3 hours
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sample is usually sedimented through a steep density gradient that contains a
very high concentration of sucrose or cesium chloride. Each cellular component
begins to move down the gradient as in Figure8-9A, but it eventually reaches a
position where the density of the solution is equal to its own density. At this
point the component floats and can move no farther. A series of distinci bands
is thereby produced in the centrifuge tube, with the bands closest to the bottom
of the tube containing the components of highest huoyant density (Figure
8-9B). This method, called equilibrium sedimentation, is so sensitive that it is
capable of separating macromolecules that have incorporated heavy isotopes,
such as 3C or 5N, from the same macromolecules that contain the lighter, com-
mon isotopes (2C or !'N). In faci, the cesium-chloride method was developed
in 1957 to separate the labeled from the unlabeled DNA produced after exposure
ofagrowingpopulation of bacteria 1o nucleotide precursors containing '*N; this
classic experiment provided direct evidence for the semiconservative replica-
tion of DNA (see Figure 5-5).

The Molecular Details of Complex Cellular Processes
Can Be Deciphered in Cell-Free Systems

Studies of organelles and other large subcellular components isolated in the
ultracentrifuge have contributed enormously to our understanding of the func-
tions of different cellular components. Experiments on mitochondria and
chloroplasts purified by centrifugation, for example, demonstrated the central
function of these organelles in converting energy into forms that the cell can
use. Similarly, resealed vesicles formed from fragments of rough and smooth
endoplasmic reticulum (microsomes) have been separatedfrom each otherand
analyzed as functional models of these compartments of the intact cell.
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Figure 8-9 Comparison of velocity
sedimentation and equilibrium
sedimentation. In velocity

ion (A) I s
sediment at different speeds according to
their size and shape when layered over &
dilute solution containing sucrose.To
stabiize the sedimenting bands against
convective mixing caused by small
differences in temperature or solute
concentration, the tube contains a
continuous shallow gradient of sucrose
thatincreases in concentration toward the
bottom of the tube (typically from 5% to
20% sucrose). Following centrifugation, t
different components can be collected
individually, most simply by puncturing the
plastic centrifuge tube and collecting
drops from the bottom, as illustrated
here. In equilibrium sedimentation (B)
subcellular components move up or down
when centrifuged in a gradient until they
reach a position where their density
matches their surroundings.Although a
sucrose gradient is shown here, denser
gradients. which are especially useful for
protein and nucleic acid separation, can b
formed from cesium chloride. The final
bands. at equilibrium, can be collected
as n (A).

An extension of this approach makes it possible to study many other biolog-
ical processes free from all of the complex side reactions that occur in a living
cell, by using purified cell-free systems. In this case. cell homogenates are frac-
tionated with the aim of purifying each of the individual macromolecules that
are needed to catalyze a biological process of interest. For example, the mecha-
nisms of protein synthesis were deciphered in experiments that began with a
cell 1ate that could RNA molecules to produce proteins. Frac-
tionation of this homogenate, step by step, produced in tun the ribosomes,
tRNAs, and various enzymes that together constitute the protein-synthetic

hinery. Once individual pure comp were ble, each could be
added or withheld separately to define its exact role in the overall process. A
major goal today is the reconstitution of every biological process in a purified
cell-free system, so as 10 be able to define all of its components and their mech-
anism of action. Some landmarks in the devel of this critical approach
for understanding the cell are listed in Table 8-4.

Much of what we know about the molecular biology of the cell has been dis-
covered by studying cell-free systems. As a few of many examples, they have
been used to decipher the molecular details of DNA replication and DNA tran-
scription, RNA splicing, protein translation, muscle contraction, and particie
transport along microtubules, Cell-free systems have even been used to study
such complex and highly organized processes as the cell-division cycle. the sep-
aration of chromosomes on the milotic spindle, and the vesicular-transport
steps involved in the movement of proteins from the endoplasmic reticulum
through the Golgi apparatus to the plasma membrane.

Cell homogenates also provide, in principle, (he starting material for the
complete separation of all of the individual macromolecular components from
the cell. We now consider how this separation is achieved, focusing on proteins.

Proteins Can Be Separated by Chromatography

Proteins are most often fractionated by column chromatography, in which a
mixture of proteins in solution is passed through a column containing a porous
solid matrix. The different proteins are retarded to different extents by their

- TABLE 8-4 Some Major Events in the Development of Cell-Free Systems

1897 Buchner shows that cell-free extracts of veast can ferment sugars to form carbon dioxide and ethanol, laying

the foundations of enzymology.
1926  Svedberg develops the first analytical ultracentrifuge and uses it to estimate the mass of hemoglobin
as 68,000 daltons.

1935 Pickels and Beams introduce several new features of centrifuge design that lead to its use as a preparative

instrument.

1938 Behrens employs differential centrifugation to separate nuclei and cytoplasm from liver cells, a technique
further developed for the fractionation of cell organelles by Claude, Brachet, Hogeboom, and othersin the

1940s and early 1950s.
1939 Hill shows that isolated chloroplasts, when illuminated, can perform the reactions of photosynthesis.

1949 Szent-Gydrgyi shows that isolated myofibrils fromskeletal muscle cells contract upon the addition of ATP. In

1955 a similar cell-free system was developed for ciliary beating by Hofmann-Berling.
1951 Brakke uses density-gradient centrifugation in sucrose solutions to purify a plant virus.
1954  de Duve isolates | and, later, p by centrifugation.

1954  Zamecnik and colleagues develop the first cell-free system to perform protein synthesis. A decade of intense

research activity, during which the genetic code is elucidated, follows.

1957 Meselson, Stahl, and Vinograd develop equilibrium density-gradient centrifugation in cesium chioride

solutions for separating nucleic acids.
1975  Dobbersteinand Blobel d ate protein tr in acell-free system.
1976  Ncher and Sakmanndevelop patch-clamp recording to measure the activity of single ion channels.

ionacioss

1983  Lohka and Masui makes concentrated extracts fromfrog eggs that performs the entire cell cycle in vitro.

1984 Rothman and colleagues reconstitute Golgi vesicle trafficking in vitro with a cell-free system.

TIONATION OF CELLS
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interaction with the matrix, and they can be collected separately as they flow
out of the bottom of the column (Figure 8-10). Depending on the choice of
matrix, proteins can be separated according to their charge (ion-exchange
chromatography), their hydrophobicity (hydrophobic chromatography), their
size (gel-filtration chromarography), or their ability (o bind to particular small
molecules or to other lecules (affiriity chr graphy).

Many types of matrices are commercially available (Figure 8-11). lon-
exchange columns are packed with small beads that carry either a positive or
negative charge, so that proteins are fractionated according to the arrangement
of charges on their surface. Hydrophobic columns are packed with beads from
which hydrophobic side chains protrude, so that proteins with exposed
hydrophobic regions are retarded. Gel-filtration columns, which separate pro-
teins according to their size, are packed with tiny porous beads: molecules that
are small enough to enter the pores linger inside successive beads as they pass
down the column, while larger molecules remain in the solution flowing
between the heads and therefore move more rapidly, emerging from the column
first. Besides providing a means of separating molecules, gel-filtration chro-
matography is a convenient way to determine their size.

The resolution of conventional column chromatography is limited by
inhomogeneities in the matrices (such as cellulose), which cause an uneven
flow of solvent through the column. Newer chromatography resins (usually sil-
ica-based) have been developed in the form of tiny spheres (3 to 10 pm in
diameter) that can be packed with a special apparatus to form a uniform col-
umn bed. A high degree of resolution is attainable on such high-performance
liquid chromatography (HPLC) columns. Because they contain such tightly
packed particles, HPLC columns have negligible flow rates unless high pressures
are applied. For this reason these columns are typically packed in steel cylinders
and require an elaborate system of pumps and valves to force the solvent
through them at sufficient pressure to produce the desired rapid flow rates of
aboutonecolumnvolume perminute. In conventional column chromatography,
flow rates must be kept slow (often about one column volume per hour) to give
the solutes being fractionated time to equilibrate with the interior of the large
matrix particles. In HPLC the solutes equilibrate very rapidly with the interior of
the tiny spheres, so solutes with different affinities for the matrix are efficiently
separated from one another even at fast flow rates. This allows most fraction-
ations to be carried out in minutes, whereas hours are required (o obtain a
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Figure 8-10 The separation of
molecules by column
chromatography. The sample, a mixture
of different molecules. is applied to the
top of a cylindrical glass or plastic column
filled with a permeable solid matrix, such
as cellulose. immersed in solvent.A large
amount of solvent is then pumped siowly
through the column and collected in
separate tubes as it emerges from the
bottom. Because various components of
the sample travel at different rates
through the column, they are fractionated
into different tubes.

poorer separation by conventional chromatography. HPI.C has therefore become
themethod of choice for separating many proteins and small molecules.

‘ ~ Affinity Chromatography Exploits Specific
Binding Sites on Proteins

- Ifone starts with a complex mixture of proteins, these types of column chro-
~ matography do not produce very highly purified fractions: a single passage
through the column generally increases the proportion of a given protein in the
mixture no more than twentyfold. Because most individual proteins represent
less than 1/1000 of the total cellular protein, it is usually necessary to use several
different types of column in succession to attain sufficient purity (Figure 8-12).
A more efficient procedure, known as affinity chromatography, takes advan-
tage of the biologically important binding interactions that occur on protein
surfaces. If a substrate molecule is covalently coupled to an inert matrix such as
a polysaccharide bead, for example, the enzyme that operates on that substrate
will of ten be specifically retained by (he matrix and can then be eluted (washed
out) in nearly pure form. Likewise, short DNA oligonucleoticles of a specifically
designed sequence can be immobilized in this way and used to purify DNA-
binding proteins that normally recognize this sequence of nucleotides in chro-
mosomes (see Figure 7-30). Alternatively, specific antibodies can be coupled to
amatrix to purify protein molecules recognized by the antibodies. Because of
the great specificity of all such affinity columns, 1000- to 10,000-fold purifica-
tions cansometimes be achieved in a single pass.

Any gene can be modified, using the recombinant DNA methods discussed
in the next section, to produce its protein with a molecular tag atiached 1o it,
making subsequent purification of the protein by affinity chromatography sim-
ple and rapid (see Figure 848, below). For example, the amino acid histidine

solvent flow
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Figure 8-11 Three types of matrices used for chromatography. In ion-exchange chromatography
(A) the insoluble matrix carries ionic charges that retard the movement of molecules of opposite charge.
Matrices used for separating proteins include diethylaminoethylcellulose (DEAE-cellulose), which is positively

charged, and car (CM-cellulose) and
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which are negatively charged.

Analogous matrices based on agarose or other polymers are also frequently used. The strength of the
association between the dissolved molecules and the ion-exchange matrix depends on both the ionic
strength and the pH of the solution that is passing down the column, which may therefore be varied
systematically (as in Figure 8-12) to achieve an effective separation. In gel-filtration chromatography (B) the
matrix is inert but porous. Molecules that are small enough to penetrate into the matrix are thereby delayed
and travel more slowly through the column. Beads of cross-linked polysaccharide (dextran, agarose, or
acrylamide) are available commercially in a wide range of pore sizes, making them suitable for the
fractionation of molecules of various molecular weights, from less than 500 to more than 5 x 105, Affinity
chromatography (C) uses an insoluble matrix that is covalently linked to a specific ligand, such as an antibody
molecule or an enzyme substrate. that will bind a specific protein. Enzyme molecules that bind to immobilized
substrates on such columns can be eluted with a concentrated solution of the free form of the substrate
molecule. while molecules that bind to immobilized antibodies can be eluted by dissociating the
antibody—antigen complex with concentrated salt solutions or solutions of high or fow pH. High degrees of
purification are often achieved in a single pass through an affinity column.
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binds to certain metal ions, including nickel and copper. Il genetic engineering
techniques are used to attacha short string of histidine residues to either end of
a protein, the slightly modified protein can be retained selectively on an aftinity

]

column containing immobilized nickel ions. Metal affinity chromatography can
thereby be used to purify that modified protein from a complex molecular mix-
ture. In other cases, an entire protein is used as the molecular tag. When the

small enzyme glutathione S-transferase (GST) is attached to a target protein, the
resulting fusion protein can be purified using an affinity column containing
glutathione, a substrate molecule thatbindsspecifically and tightly to GST (see

Figure 8-50, below).

As a turther refinement of this last technique, an amino acid sequence that
forms a cleavage site for a highly specific protease can be engineered between
the protein of choice and the histidine or GST tag. The cleavage sites for the pro-

teases that are used, such as factor X that functions during blood clotting, are

very rarely found by chance in proteins. Thus, the tag can later be specifically
removed by cleavage at the cleavage site without destroying the purified protein.

|
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Figure 8-12 Protein purification by
chromatography. Typical results
obtained when three different
chromatographic steps are used in
succession to purify a protein. In this
example 2 homogenate of cells was first
fractionated by allowing it to percolate
through an ion-exchange resin packed into
a column (A). The column was washed,
and the bound proteins were then eluted
by passing a solution containing a gradually
increasing concentration of salt onto the
top of the column. Proteins with the
lowest affinity for the ion-exchange resi
passed directly through the column and
were collected in the earliest fractions
eluted from the bottom of the column
The remaining proteins were eluted in
sequence according to their affinity for the
resin—those proteins binding most tightly
to the resin requiring the highest
concentration of salt to remove them. Th.
protein of interest was eluted in several
fractions and was detected by its
enzymatic activity. The fractions with
activity were pooled and then applied to
second, gel-filtration column (B). The
elution position of the still-impure protein
was again determined by its enzymatic
activity and the active fractions were
pooled and purified to homogeneity on an
affinity column (C) that contained an
immobilized substrate of the enzyme.

(D) Affinity purification of cyclin-binding
proteins from S. cerevisiae, as analyzed by
SDS polyacrylamide-gel electrophoresis
(see Figure 8-14). Lane | is a total cell
extract; lane 2 shows the proteins eluted
from an affinity column containing cyclin
B2; lane 3 shows one major protein eluted
from a cyclin B3 affinity column. Proteins
mn lanes 2 and 3 were eluted with salt and
the gels was stained with Coomassie blue
(D. from D. Kellogg et al. J. Cell Biol.
130:675-685. 1995. © The Rockefeller
University Press)

The Size and Subunit Composition of a Protein Can Be
Determined by SDS Polyacrylamide-Gel Electrophoresis

Proteins usually possess a net positive or negative charge, depending on the
mixture of charged amino acids they coniain. When an electric field is applied to
a solution containing a protein molecule, the protein migrates at a rate that
depends on its net charge and on its size and shape. This technique, known as
electrophoresis, was originally used to separate mixtures of proteins either in
free aqueous solution or in solutions held in a solid porous matrix such as
starch.

In the mid-1960s a modified version of this method—which is known as SDS
polyacrylamide-gel electrophoresis (SDS-PAGE)—was developed (hat has rev-
olutionized routine protein analysis. It uses a highly cross-linked gel of poly-
acrylamide as the inert mairix through which the proteins migrate. The gel is
prepared by polymerization from monomers; the pore size of the gel can be
adjusted so that it is small enough to retard the migration of the protein
molecules of interest. I'he proteins themselves are not in a simple aqueous solu-
tion but in one that includes a powerful negatively charged detergent, sodium
dodecyl sulfate, or SDS (Figure 8-13). Because this detergent binds to hydropho-
bic regions of the protein molecules, causing them to unfold into exiended
polypeptide chains, the individual protein molecules are released from their
associations with other proteins or lipid molecules and rendered freely soluble
in the detergent solution. In addition, a reducing agent such as B-mercapto-
ethanol (see Figure 8-13) is usually added to break any S-S linkages in the pro-
teins, so that all of the constituent polypeptides in multisubunit molecules can
be analyzed separately.

What happens when a mixture of SDS-solubilized proteins is run through a
slab of polyacrylamide gel? Each protein molecule binds large numbers of the
negatively charged detergent molecuies, which mask the protein's intrinsic
charge and cause it to migrate toward the positive electrode when a voltage is
applied. Proteins of the same size tend to move through the gel with similar
speeds because (1) their native structure is completely unfolded by the SDS, so
that their shapes are the same, and (2) they bind the same amount of SDS and
therefore bave the same amount of negative charge. Larger proteins, with more
charge, will be subjected (o larger electrical forces and also to a larger drag. In
free solution the two effects would cancel out, but in the mesh of the polyacryl-
amide gel, which acts as a molecular sieve, large proteins are retarded much
more than small ones. As a result, a complex mixture of proteins is fractionated
into a series of discrete protein bands arranged in order of molecular weight
(Figure 8-14). Themajor proteins are readily detected by staining the proteins in
the gel witha dye such as Coomassie blue, and even ininor proteins are seen in
gels treated with a silver or gold stain (with which aslittleas 10 ng of protein can
be detccted in a band).

SDS polyacrylamide-gel electrophoresis is a more powerful procedure than
any previous method of protein analysis principally because it can be used to
separate all types of proteins, including those that are insoluble in water. Mem-
brane proteins, protein components of the cytoskeleton, and proteins that are
part of large macromolecular aggregates can all be resolved. Because the
method separates polypeptides by size, it also provides information about the
molecular weight and the subunit composition of any protein complex. A pho-
tograph of agel that has beenused to analvze each of the successive stages in the
purification ofa protein is shown in Figure 8-15.

More Than 1000 Proteins Can Be Resolved on a Single Gel

by Two-dimensional Polyacrylamide-Gel Electrophoresis

Because closely spaced protein bands or peaks tend to overlap, one-dimensional
separation methods, such as SDS polyacrylamide-gel electrophoresis or chro-

matography, can resolve only a relatively small number of proteins (generally
fewer than 50). In contrast, two-dimensional gel electrophoresis, which
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(a) sample loaded onto gel i
by pipette
I

Figure 8-14 SDS polyacrylamide-gel electrophoresis (SDS-PAGE).
(A)An electrophoresis apparatus. (B) Individual polypeptide chains form a
complex with negatively charged molecules of sodium dodecy! sufate (SDS)
and therefore migrate as a negatively charged SDS-protein complex through
a porous gel of polyacrylamide. Because the speed of migration under these
conditions Is greater the smaller the polypeptide. this technique can be used
to determine the approximate molecular weight of a polypeptide chain as
well as the subunit composition of a protein. If the protein contains a large
amount of carbohydrate, however, it il move anomatously on the gel and
its apparent molecular weight estimated by SDS-PAGE will be misleading.

combines wo different separation procedures, can resolve up to 2000 pro-
teins—the total number of different proteins in a simple bacterium—in the form
of a two-dimensional protein map.

In the first step, the proteins are separated by their intrinsic charges. The
sample is dissolved in a small volume of a solution containing a nonionic
(uncharged) detergent, together with B-mercaptoethanol and the denaturing
reagent urea. This solution solubilizes, denatures, and dissociates all the
polypeptide chains but leaves their intrinsic charge unchanged. The polypep-
tide chains are then separated by a procedure called isoelectric focusing, which
takes advantage of the fact that the net charge on a protein molecule varies with
the pH of the surrounding solution. Every protein has a characteristic isoelectric
point, the ptl at which the protein has no net charge and therefore does not
migrate in an electric field. In isoelectric focusing, proteins are separated elec-
trophoretically in a narrow tube of polyacrylamide gel in which a gradient of pH
is established by a mixture of special buffers. Each protein moves to a position
in the gradient that corresponds to its isoelectric point and stays there (Figure
8-16). This is the first di of two-di ional gel electrophoresis.

Figure 8-15 Analysis of protein samples by SDS polyacrylamide-gel
electrophoresis. The photograph shows a Coomassie-stained gel that has
been used to detect the proteins present at successive stages in the
purification of an enzyme. The leftmost lane (fane I) contains the complex
mixture of proteins in the starting cell extract, and each succeeding lane
analyzes the proteins obtained after a chromatographic fractionation of the
protein sample analyzed in the previous lane (see Figure 8-12). The same
total amount of protein (10 pg) was foaded onto the gel at the top of each
lane. Individual proteins normally appear as sharp, dye-stained bands; a band
broadens. however. when it contains too much protein. (From T. Formosa
and B.M. Alberts. ). Biol. Chem. 261:6107-61 18, 1986.)
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In the second step the narrow gel containing the separated proteins is again
subjected to electrophoresis but in a direction that is at a right angle to the direc-
tion that used in the first step. This time SDS is added, and the proteins are sep-
arated according to their size, as in one-dimensional SDS-PAGE: the original
narrow gel is soaked in SDS and then placed on one edge of an SDS polyacryl-
amide-gel slab, through which each polypeptide chain migrates to form a dis-
crete spot. This is the second dimension of two-dimensional polyacrylamide-gel
electrophoresis. The only proteins left unresolved are those that have both iden-
tical sizes and identical isoelectric points, a relatively rare situation. Even irace
amounts of each polypeptide chain can be detected on the gel by various stain-
ing procedures—or by autoradiography if the protein sample wasinitially labeled
with a radioisotope (Figure 8-17). The technique has such great resolving power
that it can distinguish between two proteins that differ in only a single charged
amino acid.

A specific protein can be identified after its fractionation on either one-

ional or two-di ional gels by exposing all the proteins present on the
gel to a specific antibody that has been coupled to a radioactive isotope, to an
easily detectable enzyme, or to a fluorescent dye. For convenience, this is nor-
mally done after all the separated proteins present in the gel have been trans-
ferred (by “blotting”) onto a sheet of nitrocellulose paper, as described later tor
nucleic acids (see Figure 8-27). This protein-detection method is called Western
blotting (Figure 8-18).

Some landmarks in the development of chromatography and electrophoresis
are listed in Table 8-5.

basic - stable T gradient ———————a acidic‘
100 E el 4
50 =
25—

- .- .- : .
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Figure 8-16 Separation of protein
molecules by isoelectric focusing.

At low pH (high H* concentration) the
carboxylic acid groups of proteins tend to
be uncharged (—COOH) and their
nitrogen-containing basic groups fully
charged (for example, ~NH;"), giving most
proteins a net positive charge. At high pH
the carboxylic acid groups are negatively
charged (~COO") and the basic groups
tend to be uncharged (for example.
~NH;). giving most proteins a net negative
charge At its isoelectric pH a protein has
no net charge since the positive and
negative charges balance. Thus, when a
wbe containing a fixed pH gradient 15
subjected to a strong electric field in the
appropriate direction, each protein species
present migrates until it forms a sharp
band at its isoelectric pH. as shown.

Figure 8-17 Two-dimensional
polyacrylamide-gel electrophoresis.
All the proteins in an E cofi bacterial cell
are separated in this gel, in which each
spot corresponds to a different
polypeptide chain. The proteins were first
separated on the basis of their isoelectric
points by isoelectric focusing from left to
right. They were then further fractionated
according to therr molecular weights by
electrophoresis from top te bottom In
the presence of SDS. Note that different
proteins are present in very different
amounts. The bacteria were fed with a
mixture of radicisotope-labeled amino
acids so that all of their proteins were
radioactive and could be detected by
autoradiography (see pp. 578-579).
(Courtesy of Patrick O'Farrell.)
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Selective Cleavage of a Protein Generates a Distinctive
Set of Peptide Fragments

Although proteins have distinctive molecular weights and isoelectric points,
unambiguous identification ultimately depends on determining their amino
acid sequences. This can be most easily accomplished by determining the
nucleotide sequence of the gene encoding the protein and using the genetic
code 10 deduce the amino acid sequence of the protein, as discussed later in this
chapter. Itcanalso bedoneby directly analyzing the protein, although the com-
plete amino acid sequences of proteins are rarely determined directly (oday.
There are several more rapid techniques that are used to reveal crucial infor-
mation about the identiry of purified proieins. For example, simply cleaving the
proiein into smaller fragmenis can provide information that helps to character-
ize the molecule. Proteolytic enzymes and chemical reagents are available that
cleave proteins between specific amino acid residues (Table 8-6). The enzyme
trypsin, for instance, cuts on the carboxyl side of lysine or arginine residues,
| the chemical cyanogen bromide cuts peptide bonds next to methion-
ineresidues. Becavse these enzymes and chemicals cleave at relatively few sites,
they tend to produce a few relatively iarge peptides when applied to a purified
prottein. It such a mixture of peptides is separated by chromatographic or elec-

trophoretic procedures, the resulling patein, or peplide map, is diagnostic of’

TABLE 8-5 Land
Protein Molecules

ks in the D of Chr

Figure B~18 Western blotting. The
total proteins from dividing tobacco cells
n cutture are first separated by
ewo-dimensional polyacrylamide-gel
electrophorests and i (A) their posicions
are revealed by a sensitive protein stam. In
(B) the separated proteins on an (dentical
gel were then transferred to a sheet of
nitrocellulose and exposed to an antibody
that recognizes only those proteins that
are phosphorylated on threonine residues
during mitosis. The positions of the dozen
or 50 proteins that are recognized by this
antibody are revealed by an enzyme-linked
second antibody. This technique is also
known as immunoblotting. (From J A, Traas
AF. Bevan, | H. Doonan, J. Cordewener, and
PJ. Shaw, Plant J. 2:723-732. 1992.

© Blackwell Scientific Publications.)

aphy and Electrophoresis and their Applications to

1833 Faraday describes the fundamental laws concerning the passage of electricity through ionic solutions.
1850  Runge separates inorganic chemicals by their differential adsorption to paper, a forerunner of later

chromatographic separations.

1906 Tswett invents column chromatography, passing petroleum extracts of plant leaves through columns of

powdered chalk.
1933 Tiselius introduces electrophoresis for separating proteins in solution.

1942 Martin and Synge develop pariition chromatography, leading 1o paper ch

aphy on ion-

resins.

1946  Stein and Moore determine for the first time the amino acid composition of a protein, initially using column
chromatography on starch and laier developing chromatography on ion-exchange resins.

1955 Smithies uses gels made of starch to sep p by electrop

Sanger completes the analysis of the amino acid sequence of bovine insulin, the first protein to be sequenced
1956 Ingram produces the first protein fingerprints, showing that the difference between sickle-cell and normal

hemoglobin is due 0 a change in a single amino acid.

1959  Raymond introduces polyacrylamide gels, which are superior to starch gels for separating proteins by
electrophoresis; improved buffer systems allowing high-resolution separations are developed in the next few

vears by Ornstein and Davis.

1966 Maizel introduces the use of sodium dodecy! sulfate (SDS) for improving the polyacrylamide-gel electrophoresis

of proteins.
1975  O'Farrell devises a 1wo-di

al gel system for

ing protein mixtures in which SDS polyacrylamide-ge!
electrophoresis is combined with separation according to isoelectric point.
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TABLE 8-6 Some Reagents Commonly Used to Cleave Peptide Bonds
in Proteins
AMINO ACID | AMINO ACID 2
Enzymne

Trypsin Lysor Arg any

Chymotrypsin Phe, Trp, or Tyr any

V8 protease Ghu any
Chemical

Cyanogen bromide Met any

2-Nitro-5-1hiocyar any Cys

The specificity for the amino acids on either side of the cleaved bond is indicated: amino
acid 2 is linked (o the C-terminus of amino acid 1

the protein from which the peptides were generated and is sometimes referred
to as the protein’s “fingerprint” (Figure 8-19).

Protein fingerprinting was developed in 1956 (0 compare normal
hemoglobin with the mutant form of the protein found in patents suffering
from sickle-cell anemia. A single peptide difference was found and was eventu-
ally traced to a single amino acid change, providing the first demonstration that
a mutation can change a single amino acid in a protein. Nowadays it is most
often used to map the position of postiranslational modifications, such as phos-
phorylation sites.

Historically, cleaving a protein into a set of smaller peptides was an essential
step in determining its amino acid sequence. This was ultimately accomplished
through a series of repeated chemical reactions that removed one amino acid at
a time from each pepiide’s N-terminus. After each cycle. the identity of 1he
excised amino acid was determined by chromatographic methods. Now that the
complete genome sequences for many organisms are available, mass spectrom-
eiry has become the method of choice for identitying proteins and maiching
each to its corresponding gene, thereby also determining its amino acid
sequence as \ve discuss next.

Mass Spectrometry Can Be Used to Sequence
Peptide Fragments and ldentify Proteins

Mass spectrometry allows one to determine the precise mass of intact proteins
and of peptides derived trom them by enzymatic or chemical cleavage. This
information can then be used to search genomic databases, in which the masses
of all proteins and of all their predicted peptide fr have been tabulated
(Figure 8-20A). An unambiguous match to a particular open reading frame can
often be made knowing the mass of only a few peptides derived from a given
protein. Mass spectrometric methods are therefore critically important for the
field of proreomics, 1he large-scale effort 10 identify and characterize all of the
proteins encoded in an organism's genome. including their posttranslational
modifications.

Mass specirometry is an enormously sensitive technique that requires verv
little material. Masses can be obtained with great accuracy, often with an error
of less than one part in a mitlion. The most commonly used mass spectrometric
method is called imatrix-assisted laser desorption ionization-time-of-flight
spectromeiry (MALDI-TOF). In this method, peptides are mixed with an organic
acid and then dried onto a metal or ceramic slide. The sample is then blasted
with a laser, causing the peptides (o become ejected from the slide in the form
of an ionized gas in which each molecule carries one or more positive charges.
The ionized peptides are then accelerated in an electric field and fly toward a
detector. The time it 1akes them to reach the detector is determined by their
mass and 1heir charge: large peptides move more slowly, and more highly
charged molecules move more quickly. The precise mass is readily determined
by analysis of those peptides with a single charge. MALDI-TOF can even be used

FRACTIONATION OF CELLS
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INCUBATION WITH TRYPSIN
GIVES A MIXTURE OF PEPTIDES
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Figure 8-19 Production of a peptide
map, or fingerprint, of a protein.
Here, the protein was digested with
trypsin to generate 2 mixture of
polypepude fragments, which was chen
fractionated in two dimensions by
electrophoresis and partition
chromatography. The latter technique
separates peptides on the basis of their
differential solubllities in water, which is
preferentially bound to the solid matrix, as
compared to the solvent in which they are
applied. The resulting pattern of spots
obeained from such a digest is diagnostic
of the protein analyzed. It is also used to
detect posttranstational modifications of
proteins.
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l THE MASS DIFFERENCES BETWEEN FRAGMENTS CAN BE USED
IDENTIFICATION AND ISOLATION TOCONSTRUCT A PARTIAL AMINO ACID SEQUENCE. THE DATA
OF CORRESPONDING GENE MAY ALLOW A GENE IDENTIFICATION. OR PROVIDE THE MEANS

FOR CLONING THE GENE
Figure 8-20 Mass-spectrometric approaches to identify proteins and sequence peptides. (A) Mass spectrometry
can be used to identify proteins by determining their precise masses, and the masses of peptides derived from them, and using
that information to search a genomic database for the corresponding gene. In this example, the proten of interest is excised
from a two-dimensional polyacrylamide gel and then digested with trypsin. The peptide fragments are loaded into the mass
spectrometer and their masses are measured. Sequence databases are then searched to find the gene that encodes a protein
whose calculated tryptic digest profile matches these values. (B) Mass spectrometry can also be used to determine directly the
amino acid sequence of peptide fragments. In this example. proteins that form a macromolecular complex have been separated
by chromatography, and a single protein selected for digestion with trypsin. The masses of these tryptic fragments are then
determined by mass spectrometry as in (A).To determine their exact amino acid sequence, each pepride is further
fragmented, primarily by cleaving its pepride bonds. This treatment generates a nested set of peptides. each differing in size by
one amino acid. These fragments are fed into a second coupled mass spectrometer and their masses are determined. The
difference in masses between two closely related pepides can be used to deduce the “missing” amino acid, By repeated
applications of this procedure,a partial amino acid sequence of the original protein can be determined. (Micrograph courtesy
of Patrick O'Farrell.)

to measure the mass of intact proteins as large as 200,000 daltons, which corre-
sponds (0 a polypeptide abeut 2000 amino acids in length.

Mass spectrometry is also used to determine the sequence of amino acids of
individual peptide fragments. This method is particularly useful when the
genome for the organism of interest has not yet been fully sequenced; the partial
amino acid sequence obtained in this way can then be used to identify and clone
the gene. Peptide sequencing is also important if proteins contain mo
such as attached carbohydrates, phosphates, or methyl groups. In this case, the
precise amino acids that are the sites of modifications can be determined.

To obtain such peptide sequence information, two mass spectrometers are
required in tandem. The first separates peptides obtained atter digestion of the
protein of interest and allows one to zoom in on one peptide at a time. This pep-
tide is then further fragmented by collision with high-energy gas atoms. This
method of fragmentation preferentially cleaves the peptide bonds, generating a
ladder of fragments, each differing by a single amino acid. The second mass
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spectrometer then separates these fragments and displays their masses. The
amino acid sequence can be deduced from he differences in mass between the
peptides (Figure 8-20B). Post-translational modifications are identified when
the amino acid to which they are attached show a characteristically increased
mass.

To learn more about the structure and function of a protein, one must
obtain large amounts of the protein for analysis. This is most often accom-
plished by using the powerful r bi DNA technologies discussed next.

Summary

Populations of cells can be analyzed biochemically by disrupting them and frac-
tionating their contents by ultracentrifugation. Further fracti, ions allow func-
tional cell-free systems to be developed, such systems are required to determine the
molecular details of complex cellular processes. Protein synthesis, DNA replication,
RNA splicing, the cell cycle, mitosis, and various types of intracellular transport
can all be studied in this way. The molecular weight and subunit composition of
even very small amounts of a protein can be determined by SDS polyacrylamide-
gel electrophoresis. In nwo-dimensional gel electrophoresis, proteins are resolved
as separate spots by isoelectric fi ing in one dii ion, followed by SDS poly-
acrylamide-gel electrophoresis in a second dimension. These electrophoretic separa-
tions can be applied even to proteins that are normally insoluble in water.

The major proteins in soluble cell extracts can be purified by colunmn chro-
matography; depending on the type of column matrix, biologically active proteins
can be separated on the basis of their molecular weight, hydr icity, charge
characteristics, or affinity for other molecules. In a typical puri] ion thesample is
passed through several different columns in turn—the enriched fractions obtained
from one column areapplied to the next. Once a protein has been purified to homo-
geneity, its biological activities can be examined in detail. Using mass spectrometry,
the masses o f proteins and peptides derived from them can be rapidly determined.
With this information one can refer to genome databases to deduce the remaining
amino acid sequence of the protein from the nucleotide sequence of its gene.

ISOLATING, CLONING,AND SEQUENCING DNA

Until the early 1970s DNA was the most difficult cellular molecule for the bio-
chemist to analyze. Enormously long and chemically monotonous, the string of
nucleotides that forms the genetic material of an organism could be examined
only indirectly, by protein or RNA sequencing or by genetic analysis. Today the
situation has changed entirely. From being the most difficult macromolecule of
the cell to analyze, DNA has become the easiest. It is now possible to isolate a
specific region of a genome, to produce a virtually unlimited number of copies
ofit, and to determine the sequence of iis nucleotides overnight. At the height of
the Human Genome Project, large facilities with automated machines were gen-
erating DN A sequences at the rate of 1000 nucleotides per second, around the
clock. By related techniques, an isolated gene can be altered (engineered) at will
and transferred back into the germ line of an animal or plant, so as to become a
functional and heritable part of the organism’s genome.

These technical breakthroughs in genetic engineering—the ability to
manipulate DNA with precision in a test tube or an organism—have had a dra-
matic impact on all aspects of cell biology by facilitating the study of cells and
their macrc in previously ur ined ways. They have led 1o the dis-
covery of whole new classes of genes and proteins, while revealing that many
proteins have been much more highly conserved in evolution than had been
suspected. They have provided new tools for determining the funciions of pro-
teins and of individual domains within proteins, revealing a host of unexpected
relationships between them. By making available large amounts of any protein,
they have shown the way to efficient mass production of protein hormones and
vaccines. Finally, by allowing the regulatory regions of genes to be dissected,

ISOLATING, CLONING, AND SEQUENCING DNA
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they provide biologists with an important tool for unraveling the complex regu- Figure 8-21 The DNA nucleotide sequences recognized by four
latory networks by which eucaryotic gene expression is controlied. ! widely used restriction nucleases. As in the examples shown. such i
Recombinant DNA technology comprises a mixture of techniques, some sequences are often six base pairs long and “palindromic” (that is. the = {a) (2] ¥
new and some borrowed from other fields such as microbial genetics (Table ":C'”"de S:q:ﬂ": 1s the Sﬂme"'h!*‘m h:'l* is turned brd )' 2_?‘ degrees around
8-7). Central 1o the technology are the followving key techniques: o150 GEL L S T s ST L DGD U oy T M gl Oy s{CHANA|[THTHEPs
1. Cleavage of DNA at specific sites by restriction nuclcases, which greatly ::l ‘::’ss::i'r“d::’:b:; :‘d‘:'a::‘; ;’:::Tf:(‘":‘"d:"‘l"’_‘:::e:’::c"h": HeHA|THTHS)
facilitates the isolation and manipulation of individual genes. | Al pal 8 i y cur

EcoR, Hindlll. and Pstl the cleavage 15 staggered and creates cohesive ends. —
e

2. DNA cloning either through the use of cloning vectors or the polymerase L
chain reaction. whereby a single DNA molecule can be copied to generate
many billions of identical molectiles.
3. Nucleic acid hybridization, which makes it possible to find a specific i
sequence of DNA or RNA with great accuracy and sensitivity on the hasis 5. Simultaneous monitoring of the expression level of each gene in a cell,
of its ability to bind a complementary nucleic acid sequence. using nucleic acid microarrays that allow tens of thousands of hybridiza-
4. Rapid sequencing of all the nucleotides in a purificd DNA fragment, which ’ tion reactions to be performed simultaneously.
'

Restriction nucleases are obtained from various species of bacteria: Hpal is
from Hemophilus parainfluenzae, EcoR| is from Escherichia col, Hindlll is from
Hemophilus influenzae, and Pstl is from Providencia stuartii.

makes it possible to identify genes and to deduce the amino acid sequence In this chapter we describe each of these basic techniques. which together
of the proteins they encode. have revolutionized the study of cell biology.

Large DNA Molecules Are Cut into Fragments

TABLE 8-7 Some Major Steps in the Development of Recombinant DNA and Transgenic Technology by Restriction Nucleases

1869 Miescher firstisolates DNA from white blood cells harvested from pus-soaked bandages obtained froma
nearby hospital.

1944 Avery provides evidence that DNA, rather than protein, carries the genetic information during bacterial
transformation.

Unlike a protein, a genedoes not exist as a discrete entity in cells, butrather as
asmall region of a much longer DNA molecule. Although the DNA molecules in
acell can be randomly broken into small pieces by mechanical force, a fragment
containing a single gene in amammalian genome would still be only one among
a hundred thousand or more DNA fragments, indistinguishable in their average
size. How could such a gene be purified? Because all DNA molecules consist of
an approximately equal mixture of the same four nucleotides, they cannot he
readily separated, as proteins can, on the basis of their different charges and
binding properties. Moreover, even if a purification scheme could be devised,
vast amounts of DNA would be needed to yield enough of any particular gene to
be usetul for further experiments.

The solution (o all of these problems began to emerge with the discovery of
restriction nucleases. These enzymes, which can be purified from bacteria, cut
the DNA double helix at specific sites defined by the local nucleotide sequence,
thereby cleaving a long double-stranded DNA molecule into fragments of strictly
defined sizes. Different restriction nucleases have different sequence specifici-

1953 Watson and Crick propose the double-helix model for DNA structure based on x-ray results of Franklin
and Wilkins.

1955 Kornberg discovers DNA polymerase, the enzyme now used to produce labeled DNA probes.

1961 Marmurand Doty discover DNA renaturation, establishing the specificity and feasibility of nucleic acid
hydridization reactions. 1

1962 Arber provides the first evidence for the existence of DNA restriction nucleases. leading to their purification I'
and use in DNA sequence characterization by Nathans and H. Smith.

1966 Nirenberg, Ochoa, and Khorana elucidate the genetic code.

1967 Gellert discovers DNAligase, the enzyme used to join DNA fragments together.

1972-1973 DNA cloning techniques are developed by the laboratories of Boyer, Cohen, Berg, and their colleagues at
Stanford University and the University of California at San Francisco.

1972 g Southern develops gel-transfer hybndfzauon for the delgcuon of specnﬁc.DNA sequences. | ties, and i is relatively simple to find an enzyme that can create a DNA fragment
1975-1977 Sanger and Barrell and Maxam and Gilbert develop rapid DNA-sequencing methods. that includes a particular gene. The size of the DNA fragment can then be used
1981-1982 Palmiter and Brinster produce transgenic mice; Spradling and Rubin produce transgenic fruit flies. ¥ as a hasis for partial purification of the gene from a mixture.
1982 GenBank, NIi I's public genetic datab is ished at Los Alamos National Laboratory. | Different species of bacteria make different restriction nucleases, which
1985 Mullis and co-workers invent the polymerase chain reaction (PCR). | protect them from viruses by degrading incoming viral DNA. Each nuclease rec-
1987 Capecchi and Smithies introduce methods tor performing targeted gene replacement in mouse embryonic ! ognizes a specific sequence of four to eight "“‘3199[“’975 in DNA. These
stem cells. | sequences, where they occur in the genome of the bacterium itself, are protected
1989 Fields and Song develop the yeast two-hybrid system for identifying and studying protein interactions f[;ONl: cleavage t;])’ me(hyla'no‘n H:j arldA ora ClreSld(‘;g: 11:19 sequences in llure|gn
¢ 2 a8
1989 Olson and colleagues describe sequence-tagged sites, unique stretches of DNA that are used to make physical 5 are ge";era 31’ (U O ELy atey lan S(]’ are Cbea\ € ytl eresmcliol.l nuc. eas..es.
maps of human chromosomes. I ?rse numbers o reis;]ncu‘on‘j\uc easesf:av'e_ :en purifie c{_(;;n various TI)EL‘ISS
n . of bacteria; several hundred, most of which recognize difterent nucleotide
1990 Lipman and colleagues release BLAST, an algorithm used to search for homology between DNA and protein A5 T ML cially. 8
sequences. o o7 N = g
355 si 1 coll o H fricient b o drtificialich BAC o i Some restriction nucleases produce staggered cuts, which leave short single-
imon and colleagues study how to efficiently use bacterial artificial chromosomes, BACs, to carry large stranded tails at the wo ends of each fragment (Figure 8-21). Ends of this type
pieces of cloned human DNA for sequencing. . 2 L
I N o . are known as coliesive ends, as each tail can form complementary base pairs
1991 Hood and Hunkapillarintroducenew DNA € h with the tail at any other end produced by the same enzyme (Figure 8-22). The
1995 Venter and colleagues sequence the first complete genome, that of the bacterium Haemophilus influenzae.
1996 Goffeau and an international consortium of researchers announce the completion of the first genome F'gu;e ﬂvl.ll R‘e?m:tlon n:cleanes produ:emD!:A lragm:nfs tha; 2 AATT 7
sequence of a eucaryote, the yeast Saccharomyces cerevisiae. LR O I CE i, Wgui o < (O BHig S 00 GOr SECLLEIIET I I o
N i % . can readily jon by complementary base-pairing between their cohesive ends, TTAA
19961997 Lock_har_l and colleagues and Brown and DeRisi produce DNA microarrays, which allow the simultaneous lf as llustrated. The two DNA fragments that join in this example were both JAAT -
monitoring of thousands of genes. w produced by the EcoRl restriction nuclease, whereas the three other TTTIITIT
1998 Sulston and Waterston and colleagues produce the first complete sequence of a multicellular organism, the fragments were produced by different restriction nucleases that generated Al 3
nematode worm Caenorhallitis elegans. different cohesive ends (see Figure 8-21). Blunt-ended fragments. like those . —mfr
2001 Consortia of researchers announce the completion of the draft human genome sequence. ie;ef“ed by Hpal (see Figure 8-21), can be spliced together with more %—i
ifficulty.
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cohesive ends generated by restriction enzymes allow any two DNA fragments
to be easily joined together, as long as the fragments were generated with the
same restriction nuclease (or with another nuclease that produces the same
cohesive ends). DNA molecules produced by splicing together two or more DNA
frag are called bi DNA molecules; they have made possible

many new types of cell-biological studies.

Gel Electrophoresis Separates DNA Molecules
of Different Sizes

The length and purity of DNA molecules can be accurately determined by the
same types of gel electrophoresis methods that have proved so useful in the
analysis of proteins. The procedure is actually simpler than for proteins: because
each nucleotide in a nucleic acid molecule already carries a single negative
charge, there is no need (o add the negatively charged detergent SDS that is
required to make protein molecules move uniformly toward the positive elec-

trode. For DNA fragments less than 500 nucleotides long, specially designed 200

polyacrylamide gels allow separation of molecules chat differ in length by as lit-
tle as a single nucleotide (Figure 8-23A). The pores in polyacrylamide gels, how-
ever, are too small to permit very large DNA molecules to pass; to separate these
by size, the much more porous gels formed by dilute solutions of agarose (a
polysaccharide isolated from seaweed) are used (Figure 8-23B). These DNA sep-
aration methods are widely used for both analytical and preparative purposes.
A variation of agarose gel electrophoresis, called pulised-field gel elec-
trophoresis, makes it possible 10 separate even extwemely long DNA molecules.
Ordinary gel electrophoresis fails to separate such molecules because the steady
electric field stretches them out so that they travel end-first through the gel in
snakelike configurations at a rate that is independent ol their length. In pulsed-
field gel electrophoresis, by contrast, the direction ol the electric field is changed
periodically. which forces the molecules to reorient before continuing to move
snakelike through the gel. This reorientation takes much more time for larger
molecules, so that longer molecules move more slowly than shorter ones. As a
consequence, even entire bacterial or yeast chromosomes separate into discrete

Figure 823 Gel electrophoresis techniques for separating DNA
molecules by size. in the three examples shown, electrophoresis is from
top to bottom, so that the largest—and thus slowest-moving—DNA
molecuies are near the top of the gel. In (A) a polyacrylamide gel with small
pores is used to fractionate single-stranded DNA. In the size range 10 to
500 nucleotides. DNA molecules that differ in size by only a single
nucleotide can be separated from each other. In the example, the four lanes
represent sets of DNA molecules synthesized in the course of a
DNA-sequencing procedure. The DNA to be sequenced has been artificially
replicated from a fixed start site up to a variable stopping point. producing a
set of partial replicas of differing lengths. (Figure 8-36 explains how such sets
of partial replicas are synthesized) Lane | shows all the partial replicas that
terminate in a G, lane 2 all those that terminate in an A.lane 3 ali those that
terminate in aT,and lane 4 all those that terminate in a C. Since the DNA
molecules used in these reactions are radiolabeled, their positions can be
determined by autoradiography. as shown. In (B) an agarose gel with
medium-sized pores is used to separate double-stranded DNA molecules.
This method is most useful in the size range 300 to 10,000 nucleotide parrs.
These DNA molecuies are fragments produced by cleaving the genome of a
bacterial virus with a restriction nuclease, and they have been detected by
their fluorescence when staned with the dye ethidium bromide. in (C) the
technique of pulsed-field agarose gel electrophoresis has been used to
separate |6 different yeast (Saccharomyces cerevisioe) chromosomes. which
range in size from 220,000 to 2.5 million nucleotide pairs (see Figure 4-13).
The DNA was stained as in (B). DNA molecules as large as 107 nucleotide
pairs can be separated in this way. (A. courtesy of Leander Lauffer and Peter
Walter; B. courtesy of Ken Kreuzer; C, from D.Volirath and R.W. Davis,
Nucleic Acids Res. 15:7865-7876, 1987. © Oxford University Press.)

chromosome numbers.
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bands in pulsed-field gels and so can be sorted and identified on the basis of

their size (Figure 8-23C). Although a typical mammalian chromosome of 108
’ base pairs is too large to be sorted even in this way, large segments of these chro-

mosowmes are readily separated and identified if the chromosomal DNA is first
cut with a restriction nuclease selected to recognize sequences that occur only
rarely (once every 10,000 or more nucleotide pairs).

The DNA bands on agarose or polyacrylamide gels are invisible unless the
DNA is labeled or stained in some way. One sensitive method of staining DNA is
to expose it to the dve ethidium bromide, which Nuoresces under ultraviolet light
when it is bound to DNA (see Figures 8-238.C). An even more sensitive detec-
tion method incorporates a radioisotope into the DNA molecules before elec-
trophoresis; 32 is often used as it can be incorporated into DNA phosphaies and
emits an energetic B particle that is easily detected by autoradiography (as in
© Pigure 8-23A).

Purified DNA Molecules Can Be Specifically Labeled

|
6000 A g v o . -
with Radioisotopes or Chemical Markers in vitro

Two procedures are widely used to label isolated DNA molecules. In the first

method a DNA polymerase copies the DNA in the presence of nucleotides that

are either radioactive (usually labeled with 32P) or chemically tagged (Figure

8-24A). In this way “DNA probes” containing many labeled nucleotides can be

~ produced for nucleic acid hybridization reactions (discussed below). The second

ciention procedure uses the bacteriophage enzyme polynucleotide kinase to transfer a

pairs single 32P-labeled phosphate from ATP to the 5’ end of each DNA chain (Figure

f 8-24B). Because only one 32P atom is incorporated by the kinase into cach DNA

¥ J strand, the DNA molecules labeled in this way are ofien not radioactive enough

to be used as DNA probes; because they are labeled at only one end, however,

they have been invaluable for other applications including DNA footprinting, as
) I we see shortly.

| Today, radioactive labeling methods are being replaced by labeling with

molecules that can be detected chemically or through fluorescence. To produce

¥ such nonradioactive DNA molecules, specially modified nucleotide precursors

are used (Figure 8-24C). A DNA molecule made in this way is allowed to bind to

jose i its complementary DNA sequence by hybridization, as discussed in the next
I section, and is then detected with an antibody (or other ligand) that specifically
| recognizes its modified side chain (see Figure 8-28).
| Nucleic Acid Hybridization Reactions Provide a Sensitive
!. Way of Detecting Specific Nucleotide Sequences
25 | When an aqueous solution of DNA is heated at 100°C o1 exposed to a very high
suitlion, PH (pH 2 13), the complementary base pairs that normally hold the two stiands
of the double helix together are disrupted and the double helix rapidly dissoci-
ates into two single strands. This process, called DNA denaiuration, was lor
950,000 many years thought to be irreversible. In 1961, however, it was discovered that

complementary single strands of DNA readilv re-form double helices by a pro-
elhoE cess called hybridization (ulsu_culled DNA renazurmiqu) if they are kept tor a
pars prolonged period at 65°C. Similar hybridization reactions can occur between
any wo single-stranded nucleic acid chains (DNA/DNA, RNA/RNA, or
RNA/DNA), provided that they have complementary nucleotide sequences.
These specific hybridization reactions are \widely used to detect and characterize
specific nucleotide sequences in both RNA and DNA molecules.
Single-stranded DN/\ molecules used to detect complementary sequences
are known as probes; these molecules, which carry radioactive or chemical
markers to facilitate their detcection, can be anywhere from fifteen 1o thousands
220,000 |} of nucleotides long. Hybridization reactions using DNA probes are so sensitive
b and selective that they can detect complementary sequences present al a con-
centration as low as one molecule per cell. It is thus possible to determine how
many copies of any DNA sequence are present in a particular DNA sample. The
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same technique can be used (o search for related but nonidentical genes. To find
a gene of interest in an organismwhose genome has not yet heen sequenced, for
example, a portion of a known gene can be used as a probe (Figure 8-25).

Alternatively, DNA probes can be used in hybridization reactions with RNA
rather than DNA 1o find out whetber a cell is expressing a given gene. In this case
a DNA probe that contains part of the gene’s sequence is hybridized with RNA
purified from the cell in question 0 see whether the RNA includes molecules
matching the probe DNA and, if so, in what quantities. In somewhat more elab-
orate procedures the DNA probe is treated with specific nucleases after the
hybridization is complete, to determine the exact regions of the DNA probe that
have paired with cellular RNA molecules. One can thereby determine the start
and stop sites for RNA transcription, as well as the precise boundaties of the
intronand exon sequences in a gene (Figure 8-26).

‘Today, the positions of intron/exon boundaries are usually determined by
sequencing the cDNA sequences that represent the mRNAs expressed in a cell.
Comparingthisexpressed sequence with the sequence of the whole gene reveals
where the introns lie. We review later how cDNAs are prepared [rom mRNAs.
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the desred DNA fragment with
asingle strand labeled at one end

Figure 8-24 Methods for labeling
DNA molecules in vitro. (A) A purified
DNA polymerase enzyme labels all the
nucleotides in a DNA molecule and can
thereby produce highly radioactive DNA
probes. (B) Polynucleotide kinase labels
only the 5’ ends of DNA strands;
therefore. when labeling is followed by
restriction nuclease cleavage, as shown,
DNA molecules containing a single
5'-end-labeled strand can be readily
obtained. (C) The method in (A} is aiso
used to produce nonradioactive DNA
molecules that carry a specific chemical
marker that can be detected with an
appropriate antibody. The modified
nucleotide shown can be incorporated
into DNA by DNA polymerase 50 as to
allow the DNA molecule to serve as a
probe that can be readily detected. The
base on the nucleoside triphosphate
shown is an analog of thymine in which
the methyl group on T has been replaced
by a spacer arm linked to the plant
steroid digoxigenin.To visualize the probe
the digoxigenin is detected by a specific
antibody coupled to a visible marker such
as a fluorescent dye. Other chemical
fabels such as biotin can be attached to
nucleotides and used in essentially the
same way.

single-stranded
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for gene A
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hybridization in 50%
formamide at 35°C
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A, C,and E all form
stable double helices

only A forms stable
double helix

We have seen that genes are switched on and off as a cell encounters new
signals in its environment. The hybridization of DNA probes (o cellular RNAs
allows one to determine whether or not a particular gene is being transcribed;
moreover, when the expression of a gene changes, one can determine whether
the change is due to transcriptional or posttranscriptional controls (see I'igure
7-87). These tests of gene expression were initially performmed with one DNA
probe at a time. DNA microarrays now allow the siinultaneous monitoring of
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Figure 8-25 Different hybridization
conditions allow less than perfect
DNA matching. When only an identical
match with a DNA probe is desired, the
hybridization reaction is kept just a few
degrees below the temperature at which a
perfect DNA helix denatures in the
solvent used (its melting temperature), so
that all imperfect helices formed are
unstable. When a DNA probe is being
used to find DNAs that are related, but
not identical. in sequence. hybridization i
performed at a lower temperature, This
allows even imperfectly paired double
hefices to form. Only the lower-
temperature hybridization conditions can
be used to search for genes (C and E in
this example) that are nonidentical but
related to gene A (see Figure 10-18).

Figure 8-26 The use of nucleic acid
hybridization to determine the
region of a cloned DNA fragment
that is present in an mRNA
molecule. The method shown requires a
nuclease that cuts the DNA chain only
where it ts not base-paired to a
complementary RNA chain, The positions
of the introns in eucaryotic genes are
mapped by the method shown: the
beginning and the end of an RNA
molecule can be determined in the same
way. For this type of analysis the DNA s
electrophoresed through a denaturing
agarose gel, which causes it to migrate as
single-stranded molecules
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hundreds or thousands of genes at a time, as we discuss later. Hybridization
methods are in suchwide use in cell biology today that it is difficult to imagine
howwe could study gene structure and expression without them.

Northern and Southern Blotting Facilitate Hybridization with
Electrophoretically Separated Nucleic Acid Molecules

DNA probesareoften used to detect, in a complex mixture of nucleic acids, only
those malecules with sequences that are complementary (o all or part of the
probe. Gel clectrophoresis can be used 10 fractionate the many different RNA or
DNA molecuiles in a crude mixture according (o their size before the hybridiza-
tion reaction is performed; if molecules of only one or a few sizes become
labeled with the probe, one can be certain that the hybridization was indeed
specific. Moreover, the size information obtained can be invaluable in itself. An
example illustrates this point.

Suppose that one wishes to determine the nature of the defect in a mutant
mouse that produces abnormally low amounts of albumin, a protein that liver
cells normally secrete into the blood in large amounts. First, one collects identi-
cal samples of liver tissue from mutant and normal mice (the latter serving as
controls) and disrupts the cells in a strong detergent to inactivate cellular nucle-
ases that might otherwise degrade the nucleic acids. Next, one separates the
RNA and DNA from all of the other cell components: the proteins present are
completely denatured and removed by repeated extractions with phenol—a
potent organic solvent that is partly miscible with water; the nucleic acids,
which remain in the aqueous phase, are then precipitaied with alcohol to sepa-
rate them from the small molecules of the ccll. Then one separates the DNA
from the RNA by their different solubilities in alcohols and degrades any con-
taminating nucleicacid of the unwanted type by treatment with a highly specific
enzyme—either an RNase or a DNase. The mRNAs are typically separated from
bulk RNA by retention on a chromatography column that specifically binds the
poly-A tails of mRNAs,

To analyze the albumin-encoding mRNAs with a DNA probe, a technique
called Northern blotting is used. First, the intact mRNA molecules purified from
mutant and control liver cells are fractionated on the basis of their sizes into a
series of bands by gel electrophoresis. Then, to make the RNA molecules acces-
sible 10 DNA probes, a replica of the pattern of RNA bands on the gel is made by
transferring (“blotting”) the fractionated RNA molecules onto a sheet of nilro-
cellulose or nylon paper. The paper is then incubated in a solution ci i
labeled DNA probe whose sequence corresponds to part of the template strand
that produces albumin mRNA. The RNA molecules that hybridize 10 the labeled
DNA probe on the paper (because they are complementary to part of the normal
albumin gene sequence) are then located by detecting the bound probe by
autoradiography or by chemical means (Figure 8-27). The size of the RNA
molecules in each band that binds the probe can be determined by reference 1o
bands of RNA molecules of known sizes (RNA standards) that are elec-
trophoresed side by side with the experimental sample. In this way one might
discover that liver cells from (he mutant mice make albumin RNA in normal
amounts and of normal size; aliernatively, albumin RNA of normal size might be
detected in greatly reduced amounts. Another possibility is that the mutant
albumin RNA molecules might be abnormally short and therefore move unusu-
ally quickly through the gel; in this case the gel blot could be retested with a
series of shorter DNA probes, each corresponding to small portions of the gene,
to reveal which part of the normal RNA is missing.

An analogous gel-transfer hybridization method, called Southern blotting,
analyzes DNA rather than RNA. Isolated DNA is first cut into readily separable
fragments with restriction nucleascs. The double-stranded fragments are then
separated on the basis of size by gel electrophoresis, and those complementary
to a DNA probe are identified by blotting and hybridization, as just described for
RNA (see Figure 8-27). To characterize the structure of the albumin gene in the
mutant mice, an albumin-specilic DNA probe would be used to construct a
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Figure 8-27 Detection of specific RNA or DNA molecules by gel-
transfer hybridization. In this example, the DNA probe is decected by its
radioactvity. DNA probes detected by chemical or fluorescence methods are
also widely used (see Figure 8-24). (A) A mixture of either single-stranded
RNA molecules (Northern blotting) or the double-stranded DNA molecules
created by restriction nuclease treatment (Southern blotting) is separated
according to length by electrophoresis. (B) A sheet of either nitrocellulose
paper or nylon paper is laid over the gel. and the separated RNA or DNA
fragments are transferred to the sheet by blotting. (C) The nitrocellulose sheet
is carefully peeled off the gel. (D) The sheet contaning the bound nucleic acids
1s placed in a sealed plastic bag together with a buffered salt solution

©

remove nitrocellulose

paper with tightly bound

nucieic acids

LABELED PROBE
HYBRIDIZED TO
SEPARATED DNA

LABELED PROBE HYBRIDIZED TO
COMPLEMENTARY DNA BANDS
VISUALIZED BY AUTORADIOGRAPHY

a radioactively labeled DNA probe. The paper sheet is exposed to a labeled
DNA probe for a prolonged period under conditions favoring hybridization.

(E) The sheet Is removed from the bag and washed thoroughly. so that only
probe molecules that have hybridized to the RNA or DNA immobilized on the
paper remain attached After autoradiography, the DNA that has hybridized to
the labeled probe shows up as bands on the autoradiograph. For Southern
blotting. the strands of the double-stranded DNA molecules on the paper must
be separated before the hybridization process; this 1s done by exposing the
DNA to alkaline denaturing conditions after the gel has been run (not shown)

detailed restriction map of the genome in the region of the albumin gene. From
this map one could determine if the albumin gene has been rearranged in the
defective animals—for example, by the deletion or the insertion of a short DNA
sequence; most single base changes, however, could not be detected in this way.

Hybridization Techniques Locate Specific Nucleic Acid
Sequences in Cells or on Chromosomes

Nucleic acids, no less than other macromolecules, occupy precise positions in
cells and tissues, and a great «eal of potential information is lost when these
molecules are extracted by homogenization. For this reason, rechniques have
been developed in which nucleic acid probes are used in much the same way as
labeled antibodies to locate specific nucleic acid sequences in situ, a procedure
called in situ hybridization. This procedure can now be done both for DNA in
chromosomes and for RNA in cells. Labeled nucleic acid probes can be
hybridized to chromosomes that have been exposed briefly to a very high pl! to
disrupt their DNA base pairs. The chromosomal regions that bind the probe dur-
ing the hybridization step are then visualized. Originally, this technique was
developed with highly radioactive DNA probes, which were detected by auto-
radiography. The spatial resolution of the technique, however, can be greatly
improved by labeling the DNA probes chemically (Figure 8-28) instead of
tadioactively, as described carlier.

In situ hybridization methods have also been developed 1hal reveal the dis-
tribution of specific RNA molecules in cells in tissues. In this case the tissues arc
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not exposed to a high pH, so the chromosomal DNA remains double-stranded
and cannot bind the probe. Instead the tissue is gently fixed so that its RNA is
retained in an exposed form that can hybridize when the tissue is incubated
with a complementary DNA or RNA probe. In this way the patterns of differen-
tial gene expression can be observed in tissues, and the location of speciticRNAs
can be determined in cells (Figure 8-29). In the Drosophila embryo, for example,
such patterns have provided new insights into the mechanisms that create dis-
tinctions between cells in different positions during development (described in
Chapter 21).

Genes Can Be Cloned from a DNA Library

Any DNA fragment that contains a gene of interest can be cloned. In cell biology,
the term DNA cloning is used in two senses. In one sense it literally refers to the
act of making many identical copies of a DNA molecule—the amplification of a
particular DNA sequence. However, the term is also used to describe the isola-
tion of a particular stretch of DNA (often a particular gene) from the rest of a
cell's DNA, because this isolation is greatly facilitated by making many identical
copies of the DNA of interest.

DNA cloning in its most general sense can be accomplished in several ways.
The simplest involves inserting a particular fragment of DNA into the purified
DNA genome of a self-replicating genetic element—generally a virus or a plas-
mid. A DNA fragment containing a humangene,for example, can be joined in a
test tube to the chromosoine of a bacterial virus, and the new recombinant DNA

lecule can then be i duced inte a bacterial cell. Starting with only one
such recombinani DNA molecule that infects a single cell, the normal replica-
tion mechanisms of the virus can produce more than 10'2 identical virus DNA
molecules in less than a day, thereby amplifying the amount of the inserted
human DNA fragment by the same factor. A virus or plasmid used in this way is
known as a cloning vector, and the DNA propagated by insertion into it is said to
have been cloned.

To isolate a specific gene, one often begins by constructing a DNA library—
a comprehensive collection of cloned DNA fragments from a cell, tissue, or
organism. This library inctudes (one hopes) at least one fragment that contains
the gene of interest. Libraries can be constructed with either a virus or a plasmid
vector and are generally housed in a population of bacterial cells. The principles
underlying the methods used lor cloning genes are the same for either type of
cloning vector, althotigh the details may differ. Today most cloning is performed
with plasmid vectors.

I'he plasmid vectors most widely used tor gene cloning are small circular
molecules of double-siranded DNA derived from larger plasmids that occur nat-
urally in bacterial cells. They generally account for only a minor fraction of the
total host bacterial cell DNA, but they can easily be separated owing to their
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Figure 8-28 In situ hybridization to
locate specific genes on
chromosomes. Here, six different DNA
probes have been used to mark the
location of their respective nucleotide
sequences on human chromosome 5 at
metaphase. The probes have been
chemically labeled and detected with
fluorescent antibodies. Both copies of
chromosome 5 are shown, aligned side by
side. Each probe produces two dow on
each chromosome, since a metaphase
chromosome has replicated its DNA and
therefore contains two identical DNA
helices. (Courtesy of David C.Ward))

Figure 8-29 In situ hybridization for
RNA localization. (A) Expression
pattern of deftaC in the early zebrafish
embryo. This gene codes for a ligand in
the Notch signaling pathway (discussed in
Chapter 15).and the pattern shown here
reflects its role in the development of
somites—the future segments of the
vertebrate trunk and tail. (B) High-
resolution RNA i situ localization reveals
the sites within the nucleolus of a pea cell
where ribosomal RNA is synthesized The
sausage-like structures, 0.5-1 pm in
diameter. correspond to the loops of
chromosoma! DNA that contain the genes
encoding rRNA. Each small, white spot
represents transcription of a single rRNA
gene. (A. courtesy of Yun-Jin Jiang:
B.courtesy of Peter Shaw.)
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small size from chromosomal DNA molecules, which are large and precipitate as
a pellet upon centrifugation. For use as cloning vectors, the purified plasmid
DNA circles are first cut with a restriction nuclease to create linear DNA
molecules. The cellular DNA to be used in constructing the library is cut with the
same restriction nuclease, and the resulting restriction fragments (including
those containing the geneto be cloned) are then added to the cut plasmids and
annealed via their cohesive ends to form recombinant DNA circles. These
recombinant molecules containing foreign DNA inserts are then covalently
~ sealed with the enzyme DNA ligase (Figure 8-30).

In the next step in preparing the library, the recombinant DNA circles are
introduced into bacterial cells that have been made transiently permeable 10
DNA:; such cells are said to be transfected with the plasmids. As these cells grow
and divide, doubling in number every 30 minutes, the recombinant plasmids
also replicate to produce an enormous number of copies of DNA circles con-
~ taining the foreign DNA (Figure 8-31). Many bacterial plasmids carry genes for
antibiotic resistance, a property that can be exploited to select (hose cells that
have been successfully transfected: if the bacteria are grown in the presence of
the antibiotic, only cells containing plasmids will survive. lach original bacterial
cell that was initially transfected contains, in general, a ditferent foreign DNA
insert; this insert is inherited by all of the progeny cells of that bacterium, which
together form a small colony in a culture dish.

For many years, plasmids were used to clone fragments of DNA of 1,000 to
~ 30,000 nucleotide pairs. Larger DNA fragments are more difficult to handle and
were harder to clone. Then researchers began to use yeast artificial chromo-
somes (YACs), which could handle very large pieces of DNA (Figure 8-32). Today.
new plasmid vectors based on the naturally occurring F plasmid of E. coli are
used to clone DNA fragments of 300,000 to 1 million nucleotide pairs. Unlike
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Figure 8-30 The insertion of a DNA
fragment into a bacterial plasmid
with the enzyme DNA ligase. The
plasmid is cut open with a restriction
nuclease (in this case one that produces
cohesive ends) and is mixed with the
DNA fragment to be cloned (which has
been prepared with the same restriction
nuclease), DNA ligase, and ATP. The
cohesive ends base-pair. and DNA ligase
seals the nicks in the DNA backbone,
producing a complete recombinant DNA
molecule. (Micrographs courtesy of
Huntington Potter and David Dressler)

Figure 8-31 Purification and
amplification of a specific DNA
sequence by DNA cloningin a
bacterium. To produce many copies of a
particular DNA sequence, the fragment is
first inserted into a plasmid vector. as
shown in Figure 8-30. The resulting
recombinant plasmid DNA is then
introduced into a bacterium, where it can
be replicated many millions of times as the
bacterium multiplies.
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smaller bacterial plasmids, the F plasmid—and its derivative, the bacterial
artificial chromosome (BAC)—is present in only one or two copies per E. coli
cell. The fact that BACs are kept in such low numbers in bacterial cellsmay con-
tribute 1o their ability to maintain large cloned DNA sequences stably: with only
a few BACs preseny, it is less likely that the cloned DNA fragments will become
scrambled due (o recombination with sequences carried on other copies of the
plasmid. Because of their stability, ahility to accept large DNA inserts, and ease
of handling, BACs are now the preferred vector for building DNA libraries of
complex organisms—including those representing the human and mouse
genomes.

Two Types of DNA Libraries Serve Different Purposes

Cleaving the entire genome of a cell with a specific restriction nuclease and
cloning each fragment as just described is sometimes called the “shotgun”
approach to gene cloning. This technique can produce a very large number of
DNA fragments—on the order of a million for a mammalian genome—which
will generate millions of different colonies of transfected bacterial cells. (When
working with BACs rather than typical plasmids, larger fragments canbe inseried,
so fewer transfected bacterial cells are required to cover the genome.) Each of
these colonies is composed of a clone of cells derived from a single ancestor cell,
and therefore harbors many copies of a particular stretch of the fragmented
genome (Figure 8-33). Such a plasmid is said to contain a genomic DNA clone,
and the entire collection of plasmids is called a genomic DNA library. But
because the genomic DNA is cut into fragments at random, only some frag-
ments contain genes. Many of the genomic DNA clones obtained from the DNA
of a higher eucaryotic cell contain only noncoding DNA, which, as we discussed
in Chapter 4, makes up most of the DNA in such genomes.

Figure 8-33 Construction of a human genomic DNA library.

A genomic library is usually stored as a set of bacteria, each carrying a
different fragment of human DNA. For simplicity. cloning of just a few
representative fragments (colored) is shown. In reality, all of the gray DNA
fragments would also be cloned.
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Figure 8-32 The making of a yeast
artificial chromosome (YAC). A YAC
vector aflows the cloning of very large
DNA molecules. TEL, CEN, and ORI are
the telomere, centromere, and origin of
replication sequences, respectively. for the
yeast Saccharomyces cerevisiae. BamH 1 and
EcoR| are sites where the corresponding
restriction nucleases cut the DNA double
helix. The sequences denoted A and B
encode enzymes that serve as selectable
markers to allow the easy isolation of
yeast cells that have taken up the artificia
chromosome. (Adapted from D.T. Burke.
G.F Carle, and M.V. Olson, Science
236:806-812, 1987.)
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An alternative strategy is to begin the cloning process by selecling only
those DNA sequences that are transcribed into mRNA and (hus are presumed
to correspond to protein-encoding genes. This is done by extracting the mRNA
(or a purified subfraction of the mRNA) from cells and then making a comple-
mentary DNA (cDNA) copy of each mRNA molecule present; this reaction is cat-
alyzed by the reverse transcriptase enzyme of retroviruses, which synthesizes a
DNA chain on an RNA template. The single-stranded DNA molecules synthe-
sized by the reverse transcriptase are converted into double-siranded DNA
molecules by DNA polymerase, and these molecules are inserted into a plasmid
or virus vector and cloned (Figure 8-34). Each clone obtained in this way is
called a cDNA clone, and the entire collection of clones derived from one mRNA
preparation constitutes a cDNA library.

There are imporiant differences between genomic DNA clones and cDNA
clones, as illustrated in Figure 8-35. Genomic clones represent a random sample
of all of the DNA sequences in an organism and, withveryrare exceptions, are the
same regardless of the cell type used to prepare them. By contrast, cDNA clones
contain only those regions of the genome thathave been transcribed into mRNA.
Because the cells of different tissues produce distinct sets of mRNA molecules, a
distinct cDNA library is obtained for each type of cell used to prepare the library.

¢DNA Clones Contain Uninterrupted Coding Sequences

The use of a cDNA library for gene cioning has several advantages. First, some
Preteins are produced in very large quantities by specialized cells. In this case,
the mRNA encoding the protein is likely to be produced in such large quantities
that a cDNA library prepared from the cells is highly enriched for the cDNA
molecules encoding the protein, greatly reducing the problem of identifying the
desired clone in the library (see Figure 8-35). Hemoglobin, for example, is made
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Figure 8-34 The synthesis of cDNA.
Totat mRNA is extracted from a particular
tissue. and DNA copies (cDNA) of the
mRNA molecules are produced by the
enzyme reverse transcriptase (see p. 289).
For simplicity. the copying of just one of
these mRNAs into cDNA is illustrated.

A short oligonucleotide complementary
to the poly-A tail at the 3’ end of the
mRNA (discussed in Chapter 6) is first
hybridized to the RNA to act as a primer
for the reverse transcriptase, which then
copies the RNA into a complementary
DNA chain, thereby forming a DNA/RNA
hybrid helix. Treating the DNA/RNA
hybrid with RNase H (see Figure 5-13)
creates nicks and gaps in the RNA strand.
The remaining single-stranded cDNA is
then copied into double-stranded cDNA
by the enzyme DNA polymerase. The
primer for this synthesis reaction Is
provided by a fragment of the original
mRNA, as shown. Because the DNA
polymerase used to synthesize the second
DNA strand can synthesize through the
bound RNA molecules, the RNA fragment
that is base-paired to the 3’ end of the
first DNA strand usually acts as the
primer for the final product of the second
strand synthesis. This RNA is eventually
degraded during subsequent cloning steps.
As a result, the nucleotide sequences at
the extreme 5’ ends of the original mMRNA
molecules are often absent from cDNA
fibraries.
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chromosomal DNA

gone A gene B
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Figure 8-35 The differences between
¢DNA clones and genomic DNA
clonesderived from the same region
of DNA. In this example gene A is
infrequently transcribed. whereas gene B s
frequently transcribed, and both genes
contain introns (green). In the genomic
DNA library, both the introns and the
nontranscribed DNA (pink) are inciuded i
the clones, and most clones contain, at

bases from the gel. This is facilitated by using chain-terminating nucleotides
that are each labeled with a different colored fluorescent dye: in this case, all four
synthesis reactions can be performed in the same tube, and the products can be
separated in a single lane of a gel. A detector positioned near the bottom of the

= e
ey e

exon intron lnonxrgv;\‘s;nbeﬂ TRANSCRIPTION

y i i ide tri Figure 8-36 The enzymatic—or dideoxy—
method of sequencing DNA. (A) This method
relies on the use of dideoxyribonucleoside

RESTRICTION NUCLEASE DIGESTION ANA
transcripts

o —— e "agm-LTs I spzréfm; | most.only part of the coding sequence of s 00 o—cC :lf:;if:::::i:z:::ﬁ:f:&;::gr;:: lack the 3
- Rl s o P—0—
Wl W T — ;f::: s‘:"l’:ﬂ':‘?y;?xfh:'v"::;‘:e i hydroxyl group. (B) Purified DNA is synthesized in
— e dqby ANA spiicing durifg the ‘\\_ I{ vitro in a mixture that conmains single-stranded
MHRNAS/ | ip—. — § A | molecules of the DNA to be sequenced (gray), the
DNA CLONING opaton ofithe AN (bue), and’a 3 Ol enzyme DNA polymerase. a short primer DNA

continuous coding sequence is therefore
present in each clone. Because gene B is
transcribed more abundantly than in gen
A in the cells from which the cDNA

{orange) to enable the polymerase to start DNA
synthesis. and the four deoxyribonucleoside
triphosphates (dATP.ACTR dGTR. dTTP: green A,
C.G.and T). i a dideoxyribonucleotide analog

atlows strand extension at 3' end prevents strand extension at 3’ end

frossa] library was made, it is represented much i
(:1] normal deoxyribonucleoside small amount of one (red) of one of these nucleotides is also present in
= move frequentlyithan A in the cONA triphosphare precursors 3 Sa dideoxyribonucleoside the nucleotide mixture, it can become
—_— — ','zr::Z::K::Z!r::f,'Ai: ::: S e st TTA"TE 6§7 FiphosphateigATE] incorporated into a growing DNA chain. Because
= hbfa Uy 8 Aagy] CAT this chain now lacks a 3 OH group, the addition
= 4 G6cl ) of the next nudleotide is biocked.and the DNA
oligonucleotide primer :1?5:’:3:5::‘:2?&%3 by DNA chain terminates at that point. In the example
- - = - for DNA polymerase Boly etz a blocks [t lergrowiit ilustrated. a small amount of dideoxyATP (ddATP.
genomic ONA clones in genomic DNA library DA clones in cDNA library 5 =3 g of the DNA molecule symbolized here as a red A) has been included in
TACCTGCATGGA the nucleotide mixture. It competes with an
IS, C GATGGACGTACCTCTGAAGCS I excess of the normal deoxyATP (dATP.green A). s0
o . ) single-stranded DNA molecule that ddATP is occasionally incorporated, at
in large amounts by developing erythrocytes (red blood cells); for this reason the to be sequenced random, into a growing DNA strand. This reaction
globin genes were among the first to be cloned. mixture will eventually produce a set of DNAS of
By far the most important advantage of cDNA clones is that they contain the different lengths complementary to the template
uninterrupted coding sequence of a gene. As we have seen, cucaryotic genes i o'W — 5 ] o A“ . i) DNA that is being sequenced and terminating at
usually consisi of short coding sequences of DNA (exons) separated by much ¥ - each of the different A's The exact lengths of the

DNA synthesis products can then be used to
determine the position of each A in the growing
chain. (C) To determine the complete sequence of
3' CGTATACAGTCAGGTC 5' DNA 2 DNA fragment, the double-stranded DNA is
+ excess dATP first separated into its single strands and one of
P the strands is used as the template for sequencing.

longer noncoding sequences (introns); the production of mRNA entails the

| of the ing seq from the initial RNA transcript and the
splicing together of the coding sequences. Neither bacterial nor yeast cells will
make these modifications to the RNA produced [rom a gene of a higher eucary-
otic cell. Thus, when the aim of the cloning is either to deduce the amino acid

labeled primer
' [GCAT 3

-y single-stranded

Zequence of‘ |hg protein from the I?NA sequence or 1o pmdu_ce. the protein 1{1 zgz Four different chain-terminating

ulk by expressing the cloned gene in a bacterial or yeast cell, it is much prefer- i dideoxyribonucleoside triphosphates (ddATP,

able to start with cDNA. [' ddATP +ddTTP lv ddCTP +ddGTP ddCTR ddGTP, ddTTP, again shown in red) are
Genomic and cDNA libraries are inexhaustible resources that are widely EoNA £ONA SO S DD used in four separate DNA synthesis reactions on

shared among investigators. Today, many such libraries are also available from f6eAT A |GEAT: AT IGEAT! ATGTC [GEAT! ATG copies of the same single-stranded DNA template

commercial sources. 1BeATI ATGTCA |GEATI ATGT [GCATI ATGTCAGTC  [GEATI ATGTCAG (gray). Each reaction produces a set of DNA

copies that terminate at different points in the
sequence. The products of these four reactions are
separated by electrophoresis in four parallel lanes
of a polyacrylamide gel (labeled here AT.C.and

1 - ATGTCAGTCCA [BBAT ATGTCAGT [GEATIATGTCAGTCC |GBANI ATGTCAGTCCAG

Isolated DNA Fragments Can Be Rapidly Sequenced

In the late 1970s methods were developed that allowed the nucleotide sequence
of any purified DNA fragment to be determined simply and quickly. They have
made it possible to determine the complete DNA sequences ol (ens of thou-

G).The newly synthesized fragments are derected
by a label (either radioactive or fluorescent) that
has been incorporated either into the primer or

o
sands of genes, and many organisms have had their DNA genomes fully — | into one of the deoxyribonucleoside triphosphates
sequenced (see Table 1-1, p. 20). The volume of DNA sequence information is —_— | used to extend the DNA chain. In each lane. the
now so large (many tens of billions of nucleotides) that powerful computers — — bands represent fragments that have terminated at
must be used to store and analyze it — a given nucleoude (e.g. A in the leftmost lane) but

Large volume DNA ing was made possible through the develop- — guditereiposiiogsiin;chelBiyARyireagihglaft

- ¥ . e 5 Ut I'. Pl | the bands in order, starting at the bottom of the
ment in the mid-1970s of the dideoxy method for sequencing DNA, which is $
e y ] £ - | gel and working across all lanes. the DNA

based on in vitro DNA synthesis performed in the presence of chain-terminat- Sm—

ing dideoxyribonucleoside triphosphates (Figure 8-36).

Although the same basic method is still used today, many improvements
have been made. DNA sequencing is now completely automated: robotic
devices mix the reagents and then load. run, and read the order of the nucleotide
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sequence of the newly synthesized strand can be
determined. The sequence is given in the green
arrow to the right of the gel. This sequence is
identical to that of the 5” — 3’ strand (green) of
the original double-stranded DNA molecule
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el Y Lwrangr v DRA ! The problem comes, however, in determining which nucleotide sequences—
sequencing. Shown here is a tiny part of b i
within a whole genome sequence—represent genes that encode proteins. lden-
the data from an automated A p 5 N 3
: " tifying genes is easiest when the DNA sequence is from a bacterial or archeal
DNA-sequencing run as it appears on the * = >
chromosome, which lacks introns, or from a cDNA clone. The location of genes

computer screen. Each colored peak

represents a nucleotide in the DNA in these nucleotide sequences can be predicted by examining the BNA for cer-

tain distinctive features (discussed in Chapter 6). Brielly these genes that encode

[\m‘. 1

gel reads and records the color of the fluorescent label on each band as it passes
through a laser beam (Figure 8-37). A computer then reads and stores this
nucleotide sequence.

Nucleotide Sequences Are Used to Predict the Amino
Acid Sequences of Proteins

Now that DNA sequencing is so rapid and reliable, it has become the preferred
method for determining, indirectly, the amino acid sequences of most proteins.
Given a nucleotide sequence that encodes a protein, the procedure is quite
straightforward. Alihough in principle there are six different reading frames in
which a DNA sequence can be translated into protein (three on each strand), the
correct one is generally recognizable as the only one lacking frequent stop
codons (Figure 8-38). As wesaw whenwe discussed the genetic code in Chapter
6, arandom secjuence of nucleotides, read in frame, will encode a stop signal for
protein synthesis about once every 20 amino acids. Those nucleotide sequences
that encode a stretch of amino acids much longer than this are candidates for
presumptive exons, and they can be tianslated (by computer) into amino acid
sequences and checked against databases for similarities to known proteins
from other organisms. Il necessary, a limited amount of amino acid sequence
can then be determined from the purified protein to confirm the sequence
predicted [rom the DNA.

) reading direction for seauence of top DNA strand —
|'a N- ile leu phe arg val ile arg pro [l thr arg asn phe thr [l arg €
reading 12 N- tyr phe ile ser ser asn ser thr leu asn ala lys lew his leu thr C
fremes L1 N- leu phe tyr phe giu [l phe asp leu lys arg glu thr ser leu asn C
ona |9 TTATTTTATTTCGAGTAATTCGACCTTAAACGCGAAACTTCACTTAAC 3
3 AATAAAATAAAGCTCATTAAGCTGGAATTTGCGCTTTGAAGTGAATTG &
-1 CHll vs dle glu leu leu glu val lys phe ala phe ser [l lvs val N

reading 2 CWle fys asn arg th e arg oy [ val aro pne Ivs vol [ a0 N
TS | C- asn [l 'vs ser the asn ser arg leu arg ser val glu ser leu ser -N

«— reading direction for sequence of bottom DNA strand

® reading direction for sequence of top DNA strand —e

q clear stretch of
sequence can be read here between
positions 173 and 194 from the start of
the sequence. This particular example is :l
taken from the international project that
determined the complete nucleotide
sequence of the genome of the plant
Arabidopsis. (Courtesy of George Murphy |

proteins are identified by searching the nucleotide sequence for open reading
frames (ORFs) that begin with an initiation codon, usually ATG, and end with a
termination codon, TAA, TAG, or TGA. o minimize errors, computers used to
search for ORFs are ofien directed to count as genes only those sequences that
are longer than, say, 100 codons in length.

For more complex genomes, such as those of eucaryotes, the processis com-
plicated by the presence of large introns embedded withinthe coding portion of
genes. Inmany multicellular organisms, including humans, the average exon is
only 150 nucleotides long. Thus in eucaryotes, one must also search for other
features that signal the presence of a gene, for example, sequences that signal an
intron/exon boundary or distinctive upstream regulatory regions.

A second major approach to identifying the coding regions in chromosomes
is through the characterization of the nucleotide sequences of the detectable
mRNAs (in the form of cDNAs). The mRNAs (and the cDNAs produced from
them) lack introns, regulatory BNA sequences, and the nonessential “spacer”
DNA that lies between genes. It is therefore useful 1o sequence large numbers of
cDNAs to produce a very large collection (called a database) of the coding
sequences of an organism. These sequences are then readily used to distinguish
the exons from the introns in the long chromosomal DNA sequences that corre-
spond to genes.

Finally, nucleotide sequences that are conserved between closely related
organisms usually encode proteins. Comparison of these conserved sequences
indifferent species can also provide insight into the function of a particular pro-
tein or gene, as we see later in the chapter.

The Genomes of Many Organisms Have Been Fully Sequenced

Owingin large part to the automation of DNA sequencing, the genomes of many
organisms have been fully sequenced; these include plant chloroplasts and ani-
mal mitochondria, large numbers of bacteria and archea, and many of the
model organisms that are studied routinely in the laboratory, including several
yeasts, a nematode worm, the fruit fly Drosophila, the model plant Arabidopsis,
the mouse, and, last but not least, humans. Researchers have also deduced the
complete DNA sequences for a wide variety of human pathogens. These 4
include the bacieria that cause cholera, tuberculosis, syphilis, gonorrhea, Lyme
disease, and stomach ulcers, as well as hundreds of viruses—including smallpox
.~ virus and Epstein-Barr virus (which causes infectious mononucleosis). Exami-
nation of the genomes of these pathogens should provide clues about what
makes them virulent, and will also point the way to new and more effective
Ireatments.
Hacemophilus influenzae (a bacterium that can cause ear infections or
‘meningitis in children) was the first organism to have its complete genome
sequence—all 1.8 million nucleotides—determined by the shotgun sequencing
method, the most common strategy used today. in the shotgun method, long
Sequences of DNA are broken apart randomly into many shorter fragments.
Each fragment is then sequenced and a computer is used to order these pieces

Figure 8-38 Finding the regions in 2
DNA sequence that encode a
protein. (A) Any region of the DNA
sequence can, in principle, code for six
different amino acid sequences, because

any one of three different reading frames

can be used to interpret the nucleotide

sequence on each strand.Note that a

nucleotide sequence is always read in t

§'-to-3' chain direction and encodes a
polypeptide from the amino (N) to the

carboxyl (C) terminus, For a random I
nucleotide sequence read i a particula
frame, a stop signal for proten synthesis s
encountered, on average. about once
every 2| amino acids (once every

63 nucleotides). In this sample sequenc. of
48 base pairs, each such signal (stop codvn)
is colored green, and only reading frame 2
lacks a stop signal. (B) Search of a 1700
base-pair DNA sequence for a possible
protein-encoding sequence. The

reading
P

3

2

1

5

DNA z,a

reading

frames | =2

3
= reading direction for sequence of bottom DNA strand
500 base pairs
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is displayed as in (A), with
each stop signal for protein synthesis
denoted by a green line. In addition, all o
the regions between possible start and
stop signals for protein synthesis

(see pp. 348-350) are displayed as red
bars. Only reading frame | actually
encodes a protein, which is 475 amino

into a whole chromosome or genome, using sequence overlap to guide the
- assembly. The shotgun method is the technique of choice for sequencing small
genomes. Although larger, more repetitive genome sequences are more tricky to
assemble, the shotgun method has been useful for sequencing the genomes of
Drosophila melanogaster, mouse, and human.

With new sequences appearing at a steadily accelerating pace in the scien-
tific literature, comparison of the complete genome sequences of different
Organisms allows us o trace the evolutionary relationships among genes and

acid residues long.
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organisms, and to discover genes and predict their functions. Assigning func-
tions (o genes ofien involves comparing their sequences with related sequences
from model organisms that have been well characterized in the laboratory, such

- e

as the bacterium E. coli, the yeasts S. cerevisiae and S. ponbe, the nematode SR e DA gk RS e
worm C. elegans, and the fruit fly Drosophila (discussed in Chapier 1). SEPARATE OF PRIMERS +dGTP FROM
Although the organisms whose genomes have been sequenced share many R o= qana ST prci/ S PRIMERS
cellular pathways and possess many proteins that are homologous in their
amino acid sequences or structure, the functions of avery large number of newly — L -]
identified proteins remain unknown. Some 15-40% of the proteins encoded by ST o —
these sequenced genomes do not resemble any other protein that has been
characterized functionally. This observation underscores one of the limitations FIRST CYCLE
ol the emerging field of genomics: alihough comparative analysis of genomes separate DNA DNA
reveals a great deal of information about the relationships between genes and separate DNA DNA 5"’""::;‘\‘:,3""“' YNGR
organisms, it often does not provide immediate information about how these strands and anneal synthesis i
genes function, or whatroles they have in the physiology of an organism. Com- separate DNA DNA &1 / -, J—
parison of the full gene complement of several thermophilic bacteria, for exam- 5"“’":,5;:":3 add synthesis / - E——— = o
ple, does not reveal why these bacteria thrive ar temperatures exceeding 70°C. I
And examination of the genome of the incredibly radioresistant bacterium m —— —
Deinococcus radiodinans does not explain how this organism can survive a blast \ _—— - T

of radiation that can shatter glass. Further biochemical and geneticstudies, like N =

those described in the final sections of this chapter, are required to determine DNA = L:E ete
how genes function in the context of living organisms. pripecs JrE—
— W —
region of / - [E====1]
P double-stranded = . E—
Selected DNA Segmgnts Can. Be Cloned in a Test Tube e L —
by a Polymerase Chain Reaction DNA tobe L . .
amplifie: - =—-
Now that so many genomesequences are available, genes can be cloned directly \ - T / o
3 4 it b : [ ]
without the need 1o construct DNA libraries first. A technique called the poly- . m e
merase chain reaction (PCR) makes this rapid cloning possible. PCR allows the N
DNA from a selected region of a genome to be amplified a billionfold, effectively _ FIRST CYCLE SECOND CYCLE THIRD CYCLE
s hTNAak (T omEhele manfder o fiheigenomniel {producing two double-stranded {producing four double-stranded {producing eight double-stranded
purifying Ay d 8 d DNA molecules) DNA molecules) DNA molecules)

Two sets of DNA oligonucleotides, chosen to flank the desired nucleotide
sequence of the gene. are synthesized by chemical methods. These oligonu-
cleotides are then used to prime DNA synthesis on single strands generated by
heating the DNA from (he entire genome. The newly synthesized DNA is pro-
duced in a reaction catalyzed in vitro by a purified DNA polymerase, and the
primers remain at the 5 ends of the final DNA fragments that are made (Figure
8-39A)

Figure 8-39 Amplification of DNA using the PCR technique. Knowledge of the DNA sequence to be
amplified is used to design two synthetic DNA oligonucleotides. e.ach complementary to the sequence on
one strand of the DNA double helix at opposite ends of the region to be amplified. These oligonucleotides
serve as primers for in vitro DNA synchesis. which is performed by a DNA polymerase, and they determine
the segment of the DNA that is amplified. (A) PCR starts with a double-stranded DNA, and each cycle of the

1

|

Nothing special is produced in the first cycle of DNA synthesis; the power of
the PCR method is revealed only after repeaied rounds of DNA synthesis. Every
cycle doubles the amount of DNA synthesized in the previous cycle. Because
each cycle requires a brief heat ireatment toseparate the two strands of the tem-
plate DNA double helix, the technique requires the use of a special DNA poly-
merase, isolated from a thermophilic bacterium, thai is stable at much higher
temperatures than normal, so that it is notdenatured by therepeated heat treat-
ments. With each round of DNA synthesis, the newly generated fragments serve
as templates in their turn, and within a few cycles the predominant product is a
single species of DNA fragment whose length corresponds to the distance
between the two original primers (see Figure 8-39B).

In practice, 20-30 cycles of reaction are required for effecive DNA amplifi-
cation, with the products of each cycle serving as the DNA templates for the
next—hence the term polymerase “chain reaction.” A single cycle requires only
about 5 minutes, and the entire procedure can be easily automated. PCR thereby
makes possible the “cell-free molecular cloning” of a DNA fragment in a few

reaction begins with a brief heat treatment to separate the two strands (step |). After strand separation,
cooling of the DNA in the presence of a large excess of the two primer DNA oligonucleotides allows these
primers to hybridize to complementary sequences in the two DNA strands (step 2). This mixture is then
incubated with DNA polymerase and the four deoxyribonucleoside triphosphates so that DNA is
synthesized, starting from the two primers (step 3). The entire cycle is then begun again by a heat treatment
to separate the newly synthesized DNA strands. (B) As the procedure is performed over and over again, the
newly synthesized fragments serve as templates in their turn. and within a few cycles the predominant DNA
is identical to the sequence bracketed by and including the two primers in the original template. Of the DNA
put into the original reaction, only the sequence bracketed by the two primers 1s amplified because there are
no primers attached anywhere else. In the example ilustrated in (B). three cycles of reaction produce

16 DNA chains, 8 of which (boxed in yellow) are the same length as and correspond exactly to one or the
other strand of the originaf bracketed sequence shown at the far left; the other strands contain extra DNA
downstream of the original sequence, which is replicated in the first few cycles. After three more cycles,
240 of the 256 DNA chains correspond exactly to the original bracketed sequence, and after several more
cycles, essentially all of the DNA strands have this unique length.

transcribing them into DNA with reverse transcriptase. The PCR cloning tech-
nigque has largely replaced Southern blotting for the diagnosis of genetic dis-
eases and for (he detection of low levels of viral infection. It also has great

hours, compared with the several days required for standard cloning proce- 1
dures. This technique is now used routinely to clone DNA from genes of interest
directly-—starting either from genomic DNA or from nRNA isolated from cells

(Figure 8-40). U Promise in forensic medicine as a means of analyzing minute traces of blood or
The PCR method is extremely sensitive; it can detect asingle DNA molecule Ol}l:er tissues—even as little as a Siffglf cell—afld"ideptifying the person from
in a sample. Trace amounts of RNA can be analyzed in the same way by first [ Whom they came by his or her genetic “fingerprint” (Figure 8-41).
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Figure 8-40 Use of PCR to obtain a genomic or cDNA clone.
(A) To obtain a genomic clone by using PCR. chromosomal DNA is first
purified from cells. PCR primers that flank the scretch of DNA to be cloned
are added, and many cycles of the reaction are completed (see Figure 8-39).
Since only the DNA between (and including) the primers is amplified, PCR
provides a way to obtain a short stretch of chromosomal DNA selectively in
a pure form. (B) To use PCR to obtain a cDNA clone of a gene. mRNA is
first purified from cells. The first primer is then added to the population of
mRNAs, and reverse transcriptase is used to make a complementary DNA
strand. The second primer 1s then added, and the single-stranded DNA
molecule is amplified through many cycles of PCR. as shown in Figure 8-39.
For both types of cloning, the nucleatide sequence of at least part of the
region to be cloned must be known beforehand.

Cellular Proteins Can Be Made in Large Amounts
Through the Use of Expression Vectors

Fifteen years ago, the only proteins in a cell thai could be studied easilywere the
relatively abundant ones. Starting with several hundred grams of cells, a major
protein —one that constitutes 1% or more of the total cellular protein—can be
purified by sequential chromatography steps to yield perhaps 0.1 g (100 mg) of
pure protein. This amount was sufficient for conventional amino acid sequenc-
ing, for detailed analysis of biochemical activities, and for the production of
antibodies, which could then be used 10 localize the protein in the cell. More-
over, if suitable crystals could be grown (often a difficult task), the three-dimen-
sional structure of the protein could be determined by x-ray diffiaction tech-
niques. as we will discuss later. The struciure and function of many abundant
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igure 8—41 How PCR is used in forensic science. (A) The DNA sequences that create che variability used in this analysis contain runs of
short, repeated sequences, such as CACACA .. .. which are found in various positions (loci) in the human genome. The number of repeats n each
£Un can be highly variable in the population, ranging from 4 to 40 in different individuals. A run of repeated nucleotides of this type is commonly
referred to as a hypervariable microsatellite sequence—also known as aVNTR (variable number of tandem repeat) sequence. Because of the variability
In these sequences at each locus, individuals usvally inherit a different variant from their mother and from their father; two unrelated individuals
refore do not usually contain the same pair of sequences. A PCR analysis using primers that bracket the locus produces 2 pair of bands of
amplified DNA from each individual, one band representing the maternal variant and the other representing the paternal variant. The length of the
amplified DNA. and thus the position of the band it produces after electrophoresis. depends on the exact number of repeats at the locus.

(B) In the schematic example shown here, the same three VNTR loci are analyzed (requiring three different pairs of specially selected
dligonucteotide primers) from three suspects (individuals A, B.and C), producing six DNA bands for each person after polyacrylamide gel
|e€(rophoresis.AIzhough some individuals have several bands in common, the overall pattern is quite distinctive for each.The band pattern can
fore serve as a “fingerprint” to identify an individual nearly uniquely. The fourth fane (F) contains the products of the same reactions carried

it on a forensic sample. The starting material for such a PCR can be a sigle hair or a tiny sample of blood that was lefc at the crime scene.

en examining the variability at 5 to 10 different VNTR loci, the odds that two random individuals would share the same genetic pattern by
chance can be approximately one in 10 billion. In the case shown here. individuals A and C can be eliminated from fu ther enquiries. whereas
fividual B remains a clear suspect for committing the crime. A similar approach is now routinely used for paternity testing,
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Figure 8-42 Production of large amounts of a protein from a
protein-cading DNA sequence cloned into an expression vector
and introduced into cells. A plasmid vector has been engineered to
contain a highly active promoter, which causes unusually large amounts of
mRNA to be produced from an adjacent protein-coding gene inserted into
the plasmid vector. Depending on the characteristics of the cloning vector;
the plasmid is introduced Into bacterial, yeast, insect, or mammalian cells,
where the inserted gene is efficiently transcribed and translated into protein.

proteil including
were analyzed in this way.

The vast majority of the thousands of different proteins in a eucaryotic cell,
however, including many with crucially important functions, are present in very
small amounts. For most of them it is extremely difficult, if not impossible, to
obtain more than a few micrograms of pure material. One of the most important
contributions of DNA cloning and genetic engineering to cell biology is that they
have made it possible to produce any of the cell’s proteins in nearly unlimited
amounts.

Large amounts of a desired protein are produced in living cells by using
expression vectors (Figure 8-42). Ihese are generally plasmids that have been
designed to produce a large amount of a stable mRNA that can be efficientdy
translated into protein in the transfected bacterial, yeast, insect, or mammalian
cell. To preven the high level of the foreign protein from interfering with the
transfected cell’s growth, the expression vector is oftendesigned so that the syn-
thesis of the foreign mRNA and protein can be delayed until shortly before the
cells are harvested (Figure 8-43).

Because the desired protein made from an expression vector is produced
inside a cell, it must be purified away from the host cell proreins by chromatog-
raphy following cell lysis; but because it is such a plentiful species in the cell
lysate (often 1-10% of the total cell protein), the purification is usually easy to
accomplish in only a few steps. Many expression vectors have been designedto
add a molecular tag—a cluster of histidine residues or a small marker protein—
to the expressed protein to make possible easy purification by affinity chro-
matography, as discussed previously (see pp. 483-484). A variety of expression
vectors are available, each engineered to function in the type of cell in which the
protein is to be made. In this way cells can be induced to make vast quantities of
medically useful proteins—such as human insulin and growth hormone, inter-
feron, and viral antigens for vaccines. More generally, these methods make it
possible to produce every protein—even those that may be present in only a few
copies per cell—in large enough amounts to be used in the kinds of dctailed
structural and functional studies that we discuss in the next section (Figure 8-44).

DNA technology can also be used to produce large amounts of any RNA

molecule whose gene has been isolated. Studies of RNA splicing, protein syn-
thesis, and RNA-based enzymes, for example, ar greatly facilitated by the avail-
ability of pure RNA molecules. Most RNAsare present in onlytiny quantities in
cells,andtheyare very difficult to purify away from othercellular components—
especially from the many thousands of other RNAs present in the cell. But any
RNA of interest can be synthesized efficiently in vitro by transcription of its
DNA sequence with a highly efficient viral RNA polymerase. The single species
of RNA produced is then easily purified away from the DNA template and the
RNA polymerase.

lobin, trypsin, immt and lysozyme—

Figure 8-4 3 Production of large amounts of a protein by using a
plasmid expression vector. In this example, bacterial cells have been
transfected with the coding sequence for an enzyme, DNA helicase;
transcription from this coding sequence is under the control of a viral
promoter that becomes active only at temperatures of 37°C or higher. The
total cell protein has been analyzed by SDS-polyacrylamide gel
electrophoresis. either from bacteria grown at 25°C (no helicase protein
made), or after a shifc of the same bacteria to 42°C for up to 2 hours
(helicase protein has become the most abundant protein species in the
lysate). (Courtesy of Jack Barry.)
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Summary

DNA cloning allows a copy of any specific part of a DNA or RNA sequence (o be
selected from the millions of other sequences in a cell and produced in unlimited
amounts in pure form. DNA sequences can be amplified after cutting chromosomal
DNA with a restriction nuclease and inserting the resulting DNA fragments into the
h of aself-r genelic element. Plasmid vectors are generally used
ancl the resulting “genomic DNA library”is housed in millions of bacterial cells, each
carrying a different cloned DNA fragment. Inclividual cells that are allowed to pro-
liferate produce large amounts of a single cloned DNA fragment from this library. As
an alternative, the polymerase chain reaction (PCR) allows DNA cloning to be per-
Sformed directly with a purified, ther DNA poly providing that the
- DNAsequence of interest is already knoiwn.
| t The procedures used to obtain DNA clones that correspond in seqtiernce to mRNA
molecules are the same except that a DNA copy of the mRNA sequence, called cDNA,
is first made. Unlikegenomic DNA clones, cDNA clones lack intron sequences, making
them the clones of choice for analyzing the protein product of a gene.

Nucleic acid hybridizati provide a i means of de ing a
k gene or any other mucleotide se«uence of choice. Under stringent hybridization con-

ditions (a combination of solvent and temperature where a perfect double helix is

~ barely stable), two strands can pair to form a “hybrid” helix onlyiftheir nucleotide

~ sequences are almost perfecily complementary. The enormous specificity of this

H hybridization reaction allows any single-stranded sequence of nucleotides to be

labeled with a radioisotope or chemical and used as a probe (0 find a complemen-

tary partner strand, even in a cell or cell extract that contains millions o f different

DNA and RN A sequeiices. Probes of this type are widely used to derect the nucleic

acids corresponding to specific genes, botl to facilitate their purification and char-
acterization and to localize themn in cells, tissues, and organisms.

The nucleotide sequence of purified DNA fragments can be deteriined rapidly

and simply by using highly automated tecliniques based on the dideoxy method for

ing DNA. This tech has made it possible to determine the complete

[ DNA seq of tens of 1l ds of genes and to completely sequence the

genomes of many organisins. Comparison of the genome sequences of different

organisms allows us to trace the evolutionary relationships among genes and

organisms, and it has proved valuable for discovering new genes and prediciing

their function.

Taken together, these techniques have nade it possible to identify, isolate, and
Sequence geries from ary organism of interest. Related technologies allow scientists
o produce the protein products of these genes in the large quantities needed for
detailed analyses of their structure and function, as well as fior medical purposes.

ANALYZING PROTEIN STRUCTURE AND FUNCTION

Proteins perform most of the work of living cells. This versatile class of macro-

molecule is involved in virtually every cellular process: proteins replicate and

| transcribe DNA, and produce, process, and secrete other proteins. They control

| cell division, metabolism, and the flow of materials and information into and out

:Jf the cell. Understanding how cells work requires understanding how proteins
nction,

ANALYZING PROTEIN STRUCTURE AND FUNCTION

Figure 8-44 Knowledge of the
molecular biology of cells makes it
possible to experimentally move
from gene to protein and from
protein to gene. A small quantity of a
purified protein is used to obtain a partial
amino acid sequence. This provides
sequence information that enables the
corresponding gene to be cloned from a
DNA library. Once the gene has been
cloned. its protein-coding sequence can be
inserted into an expression vector and
used to produce large quantities of the
protein from genetically engineered cells
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The question of what a proteiii does inside a living celi 15 10t a Simple one ©
aiiswer. imagine isolatlng an uncharactenized proiein and discovering that its
structure and amino acld sequence suggest that it acts as a protein kinase. Sim
ply knowing thar the protein can add a phosphaie group 10 sefine residues, for
example, does not reveal how it funcuons it a living organism. Addinonal infor-
marion Is required 1 uiiderstand the context in which the biochermical activity
is used. Where is this kinase iocated in the cell and whal are its protein largets?
In which tssues 15 it active? Which pathways does 1t influence? What role does it
have in (he growth o1 developmeni of the organism?

I this section. we discuss the methods currently iised (0 characierize pro-
tein structure and funciion We begin with an examination of the techniques
used 1o deterinine the three-dimensional structure of purified proteins We thei
discuss methods that are used (o predict how a protein functions, based on its
homology to other kinown proteins and iis location inside the cell. Finaily,
because most proteins act in concert with other proteins, we present techniques
for deiecting protei-pr i Bui these approaches only begin 1o
define how a protein might work iniside a cell. in thelast section of this chaprer
wee discuss how genetic appioaches are used 1 dissect and analyze the biological
processes in which a given pioteiii fuiictions.

The Diffraction of X-rays by Protein Crystals Can Reveal
a Protein’s Exact Structure

Stariing with the amino acid sequence of a pm(em one can often predict which
secondury siruciural el sich as panning o helices, will be
present in the protein It 1s presenily not possible, hﬁ\vever. 1o deduce reliably
the three-dimensicnal folded siructure of a protein from its amino acid
sequenice iniiess its amino acid sequedce is very similar to thal of a proten
whose three-dimensional situcture is alreauv knawn The main lechnlque that
has beeii used o discover the three-dimeisi iciure off mol inciud

Ing proteiis, at alomic resolution is x-ray crystaliography.

X-rays, hke light, are a form of elecromagnetic radiaticn, but they have a
much shorier wavelength, typically around 0.1 ni (the diameier of a hydrogen
atormi). If a narrow parallel beam of X-rays 1s directed at a sample of a pure pro-
tem, most of the x-1ays pass siraight through it A small iraction. however, is
scattered by the aioms it the sample. [ the sample is a well-ordered crysial, the

d wavies remic ane her atcertain points and appear as diffraction
spots when the x-rays are recorded by a suitable detecior (Figure 8-45).

The position and intensity of eath spol 1In the x-ray difiraction patern con-
tam information about the lucalmns of the aloms in the crystal tha gavee rise (@
it. Deducing the th i structure of a large molecule from the
diffraction pattern of lis cnystal 1s a complex iask and was not achieved for a
proiein molecule until 1950. But in recent years x-ray diffraction analysis bas
becoine ncreasingly automated. and now the slowest step is likely 1o be the
generation of suilable protein crysials. This requires large amounts of very pure
protein ard often involves vears of tnal and error, searchiiig for the proper crys:
tallization conditions. There are still many proieins, especially membrane pro-
teins, that have 5o far resisted all alempts 1o crysial allize them

aiysis of the resulling diffracion patiern produces a complex three.
i election-density map. nterpreting this map—ranslating its con-
1oUis into a three-dimensional structure—is a complicated procedure that
requires knowledge of the amino acid sequence of the proiein, Largely by trial
and €itor, the sequence and the eleciron-density map are correlaied by com
puter 16 give the best possible fit, The reliability of the final atomic model
depenids on the esoliition of the original crystallogiaphic data: 0.5 ntn resolu-
tion might produce a low-resoilation map of the polypeptide backbone, whereas
aresolution ofG. 15 niwi allows all of the non-hydrogen atoms in the molecule 1o
be reliably positioned.

A complete atoinic maodel is often oo complex to appreciate directly, but
simplified versicns that show a protein’s essential sirucwaral feawres can be
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x-ray diffraction pattern

diffracted beams
A

)

Figure 8-45 X-ray crystallography. {A) A narrow parallel beim of x-rays
15 difected at a well-drdered crys@l (B). Shown here Is a protein crystal of
ribuiose bisphosphaie carboxylase.an enzyme with a cencral role In COp
fiXGEIGH during photosynthesis, Sorme of the beam is scattered by the atoms
Wi thé arysial. The cattéred waves remforce one another at certam points
and appear as a pariemn of diffratuon spots (C). Ths diffraction pattern, -
ith the armino acid sequence of the prozein, can be used ro

Gmic model (D). The compiete awomic modei 1s hard w

meerpret, bue this simpiified version, derived from the x-ray diffraction data,

Shows the protein's structural features clearty (o helices, greem; B serands,

ved). Noteé that the cuimpohents pictured i A to D are net shown o scale.

(B, cGuriesy of C. Brardén: C. courtesy of J Hajdu and 1. Anderssom;

D. adapeed from orignai provided by B. Furugren.)

Teadily derived from it (see Panel 3-2, pp. 138-139). The three-dimensional
siructiarés of abut 10,000 different proteins have now been determined by x-ray
ciystaliogmphy of by NMR speciroscopy (see below)—enough to begin to see
faimilies of common structures emerging. These structures or protein folds often
seem [6 be maore conserved in evolution than are the amino acid sequences that
forin them (see Figure 3--15).

X-tay ciystaliographic techniques can also be applied to the study of macro-
‘moletuiar complexes. 6 a recent triumph, the method was used to solve the
ln'\u'lure of the nbuwme, a large and compiex cellular machine made of several

VAs aiid mice thari 50 proteins (see Figure 6-64). The determination required
e use of a s‘yucnruﬁmn aradiation source that generartes x-rays wih the inten-
‘fly fiéeded k6 analyze the crystals of such large macromolecular complexes.

Moiecular Stricture Can Also Be Determined Using
uclear Magnetic Resonance (NMR) Spectroscopy

(NMR) sp py has been widely used for
iyze the structure of smail molecules. This technique Is now
applied (o the study of small proteins or proiein domains.
crystallography, NMR does not depend on havipg a crystalline

Nuclear i
_ﬁlany years 16

WY ZING KOTEIN' > TRUC ITRE AND FUNC ION

obtained fiom the protein crystal
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sample; it simply requires a small volume of concentrated protein solution that
is placed in a strong magnetic field. .

Certain atomic nuclei, and in particular those of hydrogen, have a magnetc
moment or spin: that is, they have an intrinsic magnetization, like a bar magn$l-
The spin aligns along the strong magnetic ficld, but it can be changed to a mis-
aligned, excited state in response to applied radiofrequency (RF) pulses of elec-
tromagnetic radiation. When the excited hydrogen nuclei return to their aligned
state, they emit RF radiation, which can be measured and displayed as a spec-
trum. The nature of the emitted radiation depends on the environment _Of each
hydrogen nucleus, and if one nucleus is excited, it influences the absorption a"fj
emission of radiation by other nuclei that lie close to it. It is consequently possi-
ble, by an ingenious elaboration of the basic NMR technique known as two-
dimensional NMR, to distinguish the signals from hydrogen nuclei in dlﬂ_’ereﬂl
amino acid residues and to identify and measure the small shifts in these signals
that occur when these hydrogen nuclei lie close enough together to interact: the
size of such a shift reveals the distance between the interacting pair of hydrogen
atoms. In this way NMR can give information about the distances between the
parts of the protein molecule. By combining this information with a knowledge
of the amino acid sequence, it is possible in principle to compute the three-
dimensional structure of the protein (Figure 8-46).

For technical reasons the structure of small proteins of about 20,000 daltons
or less can readily be determined by NMR spectroscopy. Resolution is lost as the
size of a macromolecule increases. But recent technical advances have now
pushed the limit to about 100,000 daltons, thereby making the majority of pro-
teins accessible for structural analysis by NMR.

The NMR method is especially useful when a protein of interest has resisted
attempts at crystallization, a common problem for many membrane proteins.
Because NMR studies are performed in solution, this method also offers a con-
venient means of monitoring changes in protein structure, for example during
protein folding or when a substrate binds to the protein. NMR is also used wide-
ly to investigate molecules other than proteins and is valuable, for example, as a

¥r

(A (B)

Figure 8-46 NMR spectroscopy. (A) An example of the data from an
NMR machine. This two-dimensional NMR spectrum Is derived from the
C-terminal domain of the enzyme cellulase. The spots represent interactions
between hydrogen atoms that are near neighbors In the protein and hence
reflects the distance that separates them. Complex computing methods. in
conjunction with the known amino acid sequence. enable possible
compatible structures to be derived. In (B) 10 structures, which all satisfy the
distance constraints equally well, are shown superimposed on one another,
giving a good indication of the probable three-dimensional structure.
(Courtesy of P. Kraulis.)
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TABLE 8-8 Landmarks in the Development of X-ray Crystaliography and NMR and Their Application to
Biological Molecules

164 Hoppe-Seyler crysiallizes, and names. the protein hemoglobin.

1633 Rontgen obsenves that a new form of penetrating radiation, which he names x-rays. Is produced when
cathode rays (electrons) hit a metal target

1912 Von Laue obuains the first x-ray diffracuon patterns by passing x-rays through a crystal of zinc sulfide.

W L Bragg proposes a simple relationship between an x-ray diffraction pattern and the arrangement of
atomsin a crystal that produce the pattern. '
Summer obtains crystals of the enzyme urease from extracts of jack beans and demonstrates that proteins

possess catalyuc acunity.

131 P‘L““‘AE Publishes his first essays an “The Nature of the Chemical Bond. detailing the rules of covalent

onding,

1934 Bernal and Crowfoot present the first detailed x-ray diffraction patterns of a protein obtained from
crystals of the enzyme pepsin.

1935 Patterson develops an analytical method for determining interatomic spacings from x-ray data.

1941 Astbury obuains the first x-ray diffraction pattern of DNAL

1951 Pauling and Corey propose the structure of a helical conformation of a chain of L-amino acids—the
a helix—and the structure of the P sheet. both of which were later found in many proteins.

1953 Watson and Crick propose the double-helix mode! of DNA. based on x-ray diffraction patterns obtaincd
by Franklin and Wilkins.

1954 Perutz and colleagues develop heavy-atom methods to solve the phase problem in protein crystallography.

1960 Kendrew describes the first detailed structure of a protein (sperm whale inyoglobin) to a resolution of 0.2 nm,
and Perulz presents a lower-resolution structure of the larger protein hemoglobin.

1966 Phillips describes the structure of lysozyme, the first enzyme to have its structure analyzed in detail.

1971 Jeener proposes the use of two-dimensional NMR, and Wuthrich and colleagues first use the method to
solve a protein structure in the early 1980s.

1976 Kim and Rich and Klug and colleagues describe the detailed three-dimensional structure of tRNA
determined by x-ray diffraction.

1977-1978 Holmes and Klug determine the structure of tobacco mosaic virus (TMV), and Harrison and Rossman
determine the structure of two small spherical viruses.

1985 Michel, Deisenhofer and colleagues determine the first structure of a transmembrane protein (a bacterial

reaction center) by x-ray crystallography. Henderson and colleagues obtain the structure of
bacteriorhodopsin, a transmembrane protein, by high-resolution electron-microscopy methods between
1975 and 1990.

method to determine the three-dimensional structures of RNA molecules and
the complex carbohydrate side chains of glycoproteins.

Some landmarks in the development of x-ray crystallography and NMR are
listed in Table 8-8.

Sequence Similarity Can Provide Clues About Protein Function

Thanks to the proliferation of protein and nucleic acid sequences that are cata-
logued in genome databases, the function of a gene—and its encoded protein—
can often be predicted by simply comparing its sequence with those of previ-
ously characterized genes. Because amino acid sequence determines protein
structure and structure dictates biochemical function, proteins that share a sim-
ilar amino acid sequence usually perform similar biochemical functions, even
when they are found in distantly retated organisms. At present. determining
what a newly discovered protein does therefore usually begins with a search for
previously identified proteins that are similar in their amino acid sequences.
Searching a collection of known sequences for homologous genes or pro-
teins is typically done over the World-Wide \Web, and it simply involves selecting
adatabase and entering the desired sequence. A sequence alignment program—
the most popular are BLAST and FASTA—scans the database for similar
sequences by sliding the submitted sequence along the archived sequences
until a cluster of residues falls into full or partial alignment (Figure 8—7). The
results of even a complex search—which can be p on ecither a

ANALYZING PROTEIN STRUCTURE AND FUNCTION
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Score = 399 bits (1025), Expect = e-111
Identities = 198/290 (68%), Positives = 241/290 (82%), Gaps = 1/290

Query: 57 KKIRL IREISLLRELNE 116
ME ++KVEKIGEGTYGVVYKA +K T E +ALRKIRL+ E EGVPSTAIREISLLRE+NH
LKKIRL IRRISLLKEMNH 60

sbjcer 1

Query: 117 BNIVKLEDV: LVFEFLEQDL
NIV4L DV4H+E ++YLVFE+L DLRKPMD+
GNIVRLI LYLVF

LIKSYLFQLLOGLAFCHS 176
LIRSYL+Q+L G+A+CHS
IKSYLYQILHGVAYCHS 120

Sbjct: 61°

v
LINTE=GAIKLADFGL YTHEVVTLWYRAPEILLGERY 235
'HEVVTLWYRAPEILLG +
Sbjct: 121 BRVLHRDLKPQNLLIDRRBNALKLADFGLARAFGIPVRTFTHEVVTLWYRAPEILLGARQ 180

Query: 177 HRVLERDLKP

HRVL LI+ \DFGL

Querys 236 YSTAVDIWSLGCIFAEMVEBRRALFPGDSEIDQLFRIFRTLGTPDEVVWPGVTSMPDYKPS 295
YST VD+WS+GCIFAEMV ++ LFPGDSEID+LF+IFR LGTP+E WPGV+ +PD+K +
Sbjct: 181 YSTBVDVWSVGCIFAEMVNQKPLFPGDSEIDELFKIFRELGTPNE@SWPGVSCLPDFRTA 240

Quary: 296 ARQ) FFQDV 345
FP+W QD + VVP LD G LLS+ML Y+P+KRI+A+ AL B 4F4D+

Sbjct: 241 FPRWQAQDLATVVPNLDPAGLDLLSRMLRYEPSKRITARQALEHBYFKDL 290

nucleotide or an amino acid sequence—are returned within minutes. Such
comparisons can be used to predict the functions of individual proteins, fami-
lies of proteins, or even the entire protein compl 1t of a newly
organism.

In the end, however, the predictions that emerge fromsequence analysis are
often only a tool to direct further experimental investigations.

Fusion Proteins Can Be Used to Analyze Protein Function
and to Track Proteins in Living Cells

The location of a protein within the cell often suggests something about its func-
tion. Proteins that travel from the cytoplasm to the nucleus when a cell is
exposed to a growth factor, for example, may have a role in regulating gene
expression in response to that factor. A protein often contains short amino acid
sequences that determine its location in a cell. Most nuclear proteins, for exam-
ple, contain one or more specific short sequences of amino acids that serve as
signals for their import into the nucleus after their synthesis in the cytosol (dis-
cussed in Chapter 12). These special regions of the protein can be identified by
fusing them to an easily detectable protein that lacks such regions and then fol-
lowing the behavior of this surrogate protein in a cell. Such fusion proteins can
be readily produced by the recombinant DNA techniques discussed previously.

Another common strategy used both to follow proteins in cells and to purify
them vapidly is epitope ragging. In this case, a fusion protein is produced that
contains the entire protein being analyzed plus a short peptide of 8 to 12 amino
acids (an “epitope”) that can be recognized by a commercially available anti-
body. The fusion protein can therefore be specifically detected, even in the pres-
ence of alarge excess of the normal protein, using the anti-epitope antibody and
a labeled secondary antibody that can be monitored by light or electron
microscopy (Figure 8-48).

Today large numbers of proteins are being tracked in living cells by using a
fluorescent marker called green fluorescent protein (GFP). Tagging proteins
with GFP is as simple as attaching the gene for GFP to one end of the gene that
encodes a protein of interest. In most cases, the resulting GFP fusion protein
behaves in the same way as the original protein, and itsmovement can be mon-
itored by following its fluorescence inside the cell by fluorescence microscopy.

Figure 848 Epitope tagging allows the localization or purification
of proteins. Using standard genetic engineering techniques, a short epitope
tag can be added to a protein of interest. The resulting protein contains the
protein being analyzed plus a short peptide that can be recognized by
commercially avalable antibodies.The labeled antibody can be used to follow
the cellular focalization of the protein or to purify it by immunoprecipitation
or affinity chromatography.
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Figure 8—47 Results of a BLAST
search. Sequence databases can be
searched to find similar amino acid or
nucleic acid sequences. Here a search for
proteins similar to the human cell-cycle
regulatory protein cdc2 (Query) locates
maize cdc2 (Subject), which is 68%
identical (and 82% similar) to human cdc2
in its amino acid sequence. The alignment
begins at residue 57 of the Query protein
suggesting that the human protein has an
N-terminal region that is absent from the
maize proten. The green blocks indicate
differences in sequence, and the yellow bar
summarizes the similarities: when the two
amino acid sequences are identical, the
residue is shown; conservative amino acid
substitutions are indicated by a plus sign
(+). Only one small gap has been
introduced—indicated by the red arrow at
position 194 in the Query sequence—to
align the two sequences maximally. The
alignment score (Score) takes into account
penalties for substitution and gaps; the
higher the alignment score, the better the
match. The significance of the alignment is
reflected in the Expectation (E) value,
which represents the number of
alignments with scores equal to or better
than the given score that are expected to
occur by chance. The lower the E value,
the more significant the match; the
extremely low value here indicates certain
significance. E values much higher than
0.1 are unlikely to reflect true relatedness
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The GFP fusion protein strategy has become a standard way to determine the
distribution and dynamics of any protein of interest in living cells. We discuss its
use further in Chapter 9.

GFPandits derivatives of different color, can also be used to monitor pro-
tein-protein interactions. In this application, two proteins of interest are each
labeled with a different fluorochrome, such that the emission spectrum of one
fluorochrome overlaps the absorption spectrum of the second fluorochrome. If
the two proteins—and their attached tluorochromes—come very close to each
other (within about 1-10 nm), the energy of the absorbed light will be (ransferred
from one fluorochrome to the other. The energy transfer. called fluorescence
resonance energy transfer (FRET), is determined by illuminating the first fluo-
rochrome and measuring emission from the second (Figure 8—49). By using two
different spectral variants of GFP as the fluorochromes in such studies, one can
monitor the interaction of any two protein molecules inside a living cell.

Affinity Chromatography and Immunoprecipitation
Allow |dentification of Associated Proteins

Because most proteins in the cell function as part of a complex withother pro-
teins, an imporiant way to begin to characterize their biological roles is to iden-
tify their binding partners. If an uncharacterized protein binds to a protein
whose role in the cell is understood, its function is likely 10 be related. For
example, if a protein is tound to be part of the proteasome complex, it is likely 10
be involved somehow in degrading damaged or misfolded proteins.

Protein affinity chromatography is one method that can be used to isolate
and identify proteins that interact physically. To capture interacting proteins, a
targel protein is attached to polymer beads that are packed into a column. Cellu-
lar proteins are washed through the column and those proteins that interact
with the target adhere to the affinity matrix (see Figure 8-11C). These proteins
can then be eluted and their identity determined by mass spectrometry or
another suitable method.

Perhaps the simplest method for identifying proteins that bind to one
another tightly is co-immunoprecipitation. In this case, an antibody is used to
Tecognize a specific target protein; affinity reagents that bind to the antibody
and are coupled to a solid matrix are then used to drag the complex out of solu-
tion to the bottom of a test tube. If this protein is associated tightlyenough with
another proteinwhen it is captured by the antibody, the partner precipitates as
well. This method is useful for identifying proteins that are part of a complex
inside cells, including those that interact only transiently—for example when
cellsare stimulated by signal molecules (discussed in Chapter 15).

ANALYZING PROTEIN STRUCTURE AND FUNCTION
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Figure 849 Fluorescence resonance
energy transfer (FRET). To determine
whether (and when) two proteins interact
inside the cell, the proteins are first
produced as fusion proteins attached to
different variants of GFP. (A) In this
example, protein X is coupled to a biue
fluorescent protein, which is excited by
violet light (370-440 nm) and emits blue
light (440480 nm): protein Y is coupled
10 a green fluorescent protein, which is
excited by blue light and emits green light
(510 nm). (B) If protein X and Y do not
interact. illuminating the sample with violet
fight yields fluorescence from the blue
fluorescent protein only. (C) When protein
X and protein Y interact, FRET can now
occur. llluminating the sample with violet
light excites the blue fluorescent protein,
whose emission in tum excites the green
fluorescent protein, resuiting in an
emission of green light. The fluorochromes
must be quite close together—within
about 1-10 nm of one anothe —for FRET
to occur. Because not every molecule of
protein X and proreinY is bound at all
times, some blue light may still be
detected But as the two proteins begin to
interact, emission from the donor GFP
falls as the emission from the acceptor
GFP rises

519




-

Ct q require having a highly specific anti-
body against aknownce]]ular protein target, which is not always available. One
" way to overcome this requirement is to use recombinant DNA techniques to
add an epilope tag (see Figure 8-48) or to fuse the target protein 10 a well-char-
acterized marker pro'em, such as the smail enzyrne glutathione S-transferase
(GST). C lly available antibodies d d against the epitope tag or
the marker protein can then be used to precipitate the whole fusion protein,
including any cellular proteins associated with the protein of interest. If the
protein is fused to GST, antibodies may not be needed at all: the hybridand its
binding partners can be readily selected on beads coated with glutathione
(Figure 8-50).

In addition to capturing protein complexes on columns or in test tubes,
researchers are also developing high-density protein arrays for investigating
protein function and protein interactions. These arrays, which contain thou-
sands of different proteins or antibodies spotted onto glass slides or immobilized
in tiny wells, allow one to examine the biochemical activities and binding profiles
of alarge number of proteins at once. To examine piotein interactions with such
an array, one incubates a labeled protein with each of the target proteins immo-
bilized on the slide and then determines to which of the many proteins the
labeled molecule binds.

Protein—Protein Interactions Can Be Identified
by Use of the Two-Hybrid System

hod N

such as co-i and affinity chromatography allow
the physical isolation of i mteracrmg proteins. A successful isolation yields a pro-
tein whose identity must then be ascertained by mass spectrometry, and whose
gene must be retrieved and cloned before further studies characterizing its
activity—or the nature of the protein-protein lmeracuon—can be performed.

Other iqi allow the simul ion of interacting proteins
along with the genes that encode them. The first method we discuss, called the
two-hybrid system, uses a reporter gene 10 detect the physical interaction of a
pair of proteins inside a yeast cell nucleus. This system has been designed so
that when a target protein binds (o another protein in the cell, their interaction
brings together two halves of a rranscriptional activator, which is then able to
switch on the expression of the reporter gene.

The technique takes ad ge of the nature of gene activator pro-
teins (see Figure 7-42). These proteins both bind to DNA and activate transcrip-
tion—activities that are often performed by two separate protein domains.
Using recombinant DNA techniques, the DNA sequence that codes for a target
protein is fused with DNA that encodes the DNA-binding domain of a gene acti-
vator protein. When this construct is introduced into yeast, thecells produce the
target protein attached 1o this DNA-binding domain (Figure 8~51). This protein
binds to the regulatory region of a reporter gene, where it serves as “bait" to fish
for proteins that interact with the target protein inside a yeast cell. To prepare a
set of potential binding partners, DNA encoding the activation domain of a gene
activator protein is ligated to a large mixture of DNA fragments from a cDNA
library. Members of this collection of genes—the “prey"—are introduced indi-
vidually into yeast cells containing the bait. If the yeast cell has received a DNA
clone that expresses a prey partner for the bait protein, the two halves of a tran-
scriptionalactivator are united, switching on the reporter gene (see Figure 8-51).
Cells that express this reporter are selected and grown, and the gene (or gene
fragment) encoding the prey protein is retrieved and identified through
nucleotide sequencing.

Although it sounds complex, the two-hybrid system is relatively simple to
use in the laboratory. Although the protein-protein interactions occur in the
yeast cell nucleus, proteins from every part of the cell and from any organism
can be studied in this way. Of the thousands of protein-protein interactions that
have been catalogued in yeast, half have been discovered with such two-hybrid
screens.
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The two-hybrid system can be scaled up to map the interactions that occur
among all of the proteins produced by an organism. In this case, a set of bait
fusions is produced for every cellular protein, and each of these constructs is
introduced into a separate yeast cell. These cells are then mated to yeast con-
taining the prey library. Those rare cells that are positive for a protein-protein
interaction are then characterized. In this way a protein linkage map has been
generated for most of the 6,000 proteins in yeast (see Figure 3-78), and similar
projects are underway to catalog the protein interactions in C. elegans and
Drosophila.

Arelated technique, called a reverse rwo-hybrid system, can be used to iden-
tify mutations—or chemical compounds—that are able to disrupt specific pro-
tein-protein interactions. In this case the reporter genc can be replaced by a
gene that Kills cells in which the bait and prey proteins interact. Only those cells
in which the proteins no longer bind—because an engineered mutation or a test
compound prevents them from doingso—can survive. Like knocking out a gene
(which we discuss shortly), eliminating a particular molecular interaction can
reveal something about the role of the participating proteins in the cell. In addi-
tion, compounds that selectively interrupt protein interactions can be medi-
cally useful: a drug that prevents a virus from binding to its receplor protein on
human cells could help people 1o avoid infections, for example.

glutathione solutio
& elutes fusion prote

together with prote

that interact with

protein X

Figure 8-50 Purification of protein
complexes using a GST-tagged fusion
protein. GST fusion proteins. generated
by s@andard recombinant DNA
techniques, can be captured on an affinity
column containing beads coated with
glutathione.To look for proteins that bin:
€0 protein X. cell extracts can be passed
through this column. The hybrid protein
and its binding partners canthenbe
eluted with glutathione.The identities of
these interacting proteins can be
determined by mass speccrometry (see
Figure 8-20). In an alternative approach.
ceil extract can be made from a cell
producing the GST fusion protein and
passed directly through the glutashone
affinity column, The GST fusion protein,
along with proteins that have associated
with it in the cell, are thereby retained.
Affinity columns can also be made to
contain antibodies against GST or another
convenient small protein or epitope tag
(see Figure 848)

Phage Display Methods Also Detect Protein Interactions

Another powerful method for detecting protein-protein interactions involves
introducing genes into a virus that infects the E. coli bacterium (a bacteriophage,
or “phage”). In this case the DNA encoding the protein of interest (or a smaller
peptide fragment of this protein) is fused with a gene encoding one of the pro-
teins that forms the viral coat. When this virus infects E. coli, it replicates, pro-
ducing phage particles that display the hybrid protein on the outside of their
coats (Figure 8-52A). This bacteriophage can then be used to fish for binding
partners in a large pool of potential target proteins.

However, the most powerful use of this phage display method aliows one to
screen large collections of proteins or peptides for binding 10 selected targets.
This approach requires first generating a library of fusion proteins, much like the
prey library in the two-hybrid system. This collection of phage is then screened
for binding to a purified protein of interest. For example, the phage library can
be passed through an affinity column containing an immobilized target protein.
Viruses that display a protein or peptide that binds tightly to the targetare cap-
Tured on the column and can be eluted with excess target protein. Those phage
Containing a DNA fragment that encodes an interacting protein or peptide are
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Figure 8-51 The yeast two-hybrid
system for detecting protein-protein
interactions. The target protein is fused
0 2 DNA-binding domain that localizes it
to the regulatory region of a reporter
gene as “bait.” When this target protein
binds to another specially designed
proten in the cell Aucleus (“prey"). their
interaction brings together two halves of a
transcriptional activator. which then
switches on the expression of the
reporter gene The reporter gene Is often
one that will permit growth on a selective
medium. Bait and prey fusion proteins are
generated by standard recombinant DNA
techniques. In most cases, a single bait
protein is used to fish for interacting
partners among a large collection of prey
proteins produced by ligating DNA
encoding the activation domain of a
transcriptional activator to a farge mixture
of DNA fragments from a cDNA library.
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collected and allowed to replicate in E. coli. The DNA from each phage can then
be recovered and its nucleotide sequence determined to identify the protein or
peptide partner thatbound to the target protein. A similar technique has been
used 1o isolate peptides that bind specifically to the inside of the blood vessels
associated with human tumors. These peptides are presently being tested as
agents for delivering therapeutic anti-cancer compounds directly to such
tumors (Figure 8-528).

Phage display has also been used to generate monoclonal antibodies that
recognize a specific target molecule or cell. In this case, a library of phage
expressing the appropriate parts of antibody molecules is screened for those
phage that bind (o a target antigen.

Protein Interactions Can Be Monitored in Real Time
Using Surface Plasmon Resonance

Once two proteins—or a protein and a small molecul known to

it becomes important to characterize their interaction in more detail Prolems
can bind to one another permanently, or engage in (ransient encounters in
which proteins remain associated only temporarily. These dynamic interactions
areoftenregulated through reversible modifications (such as phosphorylation),
through ligand binding, or through the presence or absence of other proteins
that compete for the same binding site.

T'o begin to understand these intricacies, one must de(emnne how llghll\'
two proteins associate, how slowly or rapidly
and break down over time. and how outside influences can affm these param-
eters. As we have seen in this chapter, there are many dilferent techniques ava
able to study protein-protein interactions, each with its individual advantages
and disadvantages. One particularly useful method for monitoring the dynam-
ics of protein association is called surface plasmon resonance (SPR). The SPR
method has been used to characterize a wide variety of molecular interactions,
including antibodv-antigen binding, ligand-receptor coupling, and the binding
of proteins to DNA, carbohydrates, small molecules. and other proteins.

SPR detects binding interactions by monitoring the reflection of a beam of
light off the interface beiween an aqueous solution of potential binding
molecules and a biosensor surface carrying immobilized bait protein. The bait
protein is attached to a very thin layer of metal that coats one side of a glass
prism (Figure 8-53). A light beam is passed through the prism; at a certain angie,
called the resonance angle. some of the energy from the light interacts with the
cloud of electrons in the metal {ilm. generating a plasmon—an oscillation of the
electrons at right angles to the plane of the film, bouncing up and down between
its upper and lower surfaces like a weight on a spring. The plasmon. in turn,
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Figure 8-52 The phage display
method for investigating protein
interactions. (A) Preparation of the
bacteriophage. DNA encoding the desire
pepride is ligated into the phage vector.
fused with the gene encoding the viral
protein coat. The engineered phage are
then introduced into E.cofi. which produ.
phage displaying a hybrid coat protein that
contains the peptide. (B) Phage libraries
containing billions of different peptides can
also be generated. In this example, the
library is injected into a mouse with a
brain tumor and phage that bind
selectively to the blood vessels that suppiy
the tumor are isolated and amplified.

A peptide that binds specifically to tumor
blood vessels can then be isolated from
the purified phage. Such a peptide could
be used to target drugs or toxins to the
tumor.

generates an elecirical field that extends a short distance—about the wavelength
of the light—above and below the metal surface. Any change in the composition
of the environment within the range of the elecirical field causes a measurable
change in the resonance angle.

To measure binding, a solution containing proteins (or other molecules)
that might interact with the immobilized bait protein is allowed to flow past the
biosensor surface. When proteins bind to the bait, the composition of the
molecular complexes on the metal surface change, causing a change in the res-
onance angle (see Figure 8-53). The changes in (he resonance angle are moni-
tored in real time and reflect the kinetics of the association—or dissociation—of
molecules with the bait protein. The association rate (ko) is measured as the
molecules interact, and the dissociation rate (ko) is determined as buffer
washes the bound molecules from the sensor surface. A binding constant (K) is
calculated by dividing kog by kon. In addition 10 determining the kinetics, SR
can be used 1o determine the number of molecules thatarebound in each com-
plex: the magnitude of the SPR signal change is proportional to the mass of the
immobilized complex.

The SPR method is particularly useful because it requires only small
amounts of proteins, the proteins do not have to be labeled in any way, and pro-
tein-protein interactions can be monitored in real time.

(A) reflected light
detector

surface plasmons excited
in gold film by light at a
specific resonance angle

solution of prey moi

(B) The binding of prey molecules to bait molecules increases refractive index of the surface layer.
This alters the resonance angle for plasmon induction, which can be measured by a detector.

buffer
solution
I 7
association dissociation
|
0 time 10 min
prey buffer
added wash
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Figure 8-53 Surface plasmon
resonance. (A) SPR can detect binding
interactions by monitoring the reflection
of a beam of light off the interface
between an aqueous solution of potential
binding molecules (green) and a biosensor
surface coated with an immobilized bait
protein (red). (B) A solution of prey
proteins is allowed to flow past the
immobilized bait protein. Binding of prey
molecules to bait protemns produces a
measurable change in the resonance angle.
These changes, monitored in real time,
reflect the association and dissociation of
the molecular complexes.
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DNA Footprinting Reveals the Sites Where Proteins
Bind on a DNA Molecule

So far we have concentrated on examining protein—protein interactions. But
some proteinsact by binding to DNA. Most of these proteins have a central role
in determining which genes are active in a particular cell by binding to regula-
tory DNA sequences, which are usually located outside the coding regions of a
gene.

In analyzing how such a protein functions, it is important 1o identify the spe-
cific nucleotide sequences to which it binds. A method used for this purpose is
called DNA footprinting. First, a pure DNA fragment that is labeled at one end
with 32P is isolated (see Figure 8-24B); this molecule is then cleaved with a
nuclease or a chemical that makes random single-stranded cuts in the DNA.
After (he DNA molecule is denatured to separate its two strands, the resultant
fragments from the labeled strand are separated on a gel and detected by
autoradiography. The pattern of bands from DNA cut in the presence of a DNA-
binding protein is compared with that from DNA cut in its absence. When the
protein is present, it covers the nucleotides at its binding siteand protects their
phosphodiester bonds from cleavage. As a result, the labeled tragments that
terminate in the binding site are missing, leaving a gap in the gel pattern called
a “footprint” (Figure 8-54). Similar methods can be used to determine the bind-
ing sites of proteins on RNA.
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Figure 8-54 The DNA footprinting
technique. (A) This technique requires 2
DNA molecule that has been labeled at
one end (see Figure 8-24B). The protein
shown binds tightly to a specific DNA
sequence that is seven nucleotides fong,
thereby protecting these seven
nucleotides from the cleaving agent. If the
same reaction were performed without
the DNA-binding protein. a complete
ladder of bands would be seen on the ge!
(not shown). (B) An actual footprint used
to determine the binding site for a human
protein that stimulates the transcription of
specific eucaryotic genes. These results
locate the binding site about

60 nucleotides upstream from the start
site for RNA synthesis. The cleaving agent
was a small, iron-containing organic
molecule that normally cuts at every
phosphodiester bond with nearly equal
frequency. (B, courtesy of Michele
Sawadogo and Robert Roeder.)

Summary

Many power ful techniques are used to study the structure and function of a protein.
To determine the three-dimensional structure of a protein at atomic resolution,
large proteins have to be crystallized and studied by x-ray diffraction. The structure
of small proteins in solution can be determined by nuclear magnetic resonance
analysis. Because proteins with similar structures often have similar functions, the
biochemical actirity of a protein can sonetines be predicted bysearching for known
proteius that are similar in their amino acid sequences.

Further clues to the function of a protein can he derived from examining its sub-
cellular distribution. Fusion of the prorein with a molecular tag, such as the green
fluorescent protein (GFP), allows one to track its movement inside the cell. Proteins
that enter the nucleus and bind to DNA can be further characterized by footprint
analysis, a technique used to determine which regulatory sequences the protein
binds to as it controls gene transcription.

All proteins function by bincling toother proteins or molecules, and many meth-
ods exist for studying protein-protein i ions and identifying p ial protein
partners. Either protein affinity chromatography or co-imimunoprecipitation by
antibodies directed against a target protein will allow physical isolationofinteract-
ing proteins. Other techniques, such as the two-hybrid system or phage display, per-
mit the simultaneous isolation of interacting proteins and the genes that encode
them. The identity of the proteins recovered from any of these approaches is then
ascertained by determining the sequence of the protein or its corresponding gene.

STUDYING GENE EXPRESSION AND FUNCTION

Ultimately, one wishes to determine how genes—and the proteins they
encode—function in the intact organism. Although it may sound counterintu-
itive, one of the most direct ways to find out what a gene does is to see what hap-
pens to the organism when that gene is missing. Studying mutant organisms
that haveacquired changes or deletions in their nucleotide sequences is a time-
honored practice in biology. Because mutations can interrupt cellular processes,
mutants often hold the key to understanding gene function. In the classical
approach to theimportantfield of genetics, one begins by isolating mutants that
have an interesting or unusual appearance: fruit flies with white eyes or curly
wings, for example. Working backward from the phenotype—the appearance or
behavior of the individual—one then determines the organism's genotype, the
form of the gene responsible for that characteristic (Panel 8-1).

Today, with numerous genome projects adding tens of (housands of
nucleotide sequences to the public databases each day, the exploration of gene
function often begins with a DNA sequence. Here the challenge is (o translate
sequence into function. One approach, discussed earlier in the chapter, is to
search databases for well-characterized proteins that have similar amino acid
sequences to the protein encoded by a new gene, and from there employ some
of the methods described in the previous section (o explore the gene's function
further. But to tackle directly the problem of how a gene functions in a cell or
organism, the most effective approach involves studying mutants that either
lack the gene or express an altered version of it. Determining which cellular
Processes have been disrupted or compromised in such mutants will then fre-
quently provide a window to a gene's biological role.

In this section, we describe several different approaches to determining a
gene’s function, whether one starts from a DNA sequence or from an organism
with an interesting phenotype. We begin withthe classical genetic approach to
studying genes and gene function. These studies start with a generic screen for
isolating mutants of interest, and then proceed toward identification of the gene
Or genes responsible for the observed phenotype. We then review the collection
of techniques that fall under the umbrella of reverse generics, in which one
begins with a gene or gene sequence and aitempts to determine its function.
This approach often involves some intelligent guesswork—searching forhomol-
Ogous sequences and determining when and where a gene is expressed—as well
as generating mutant organisms and characterizing their phenotype.
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