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Summary

The sequeice of subunits in a macromolecule contains information that determines
the three-dimensional contours of its surface. These contours in turn govern the rec-
ognition betiveen one molecule and another, or between different parts of the same
molecule, by means of weak, noncovalent bonds. The attractive Jorces are of four
types: ionic bonds, van der Waals attractions, hydrogen bonds, and an interaction
between nonpolar groups caused by their hydrophobic expulsion from water. Two
molecules will recognize each other by a process in which they meet by random dif-
Jusion, stick together for a while, and then dissociate. The strength of this interaction
is generally expressed in terms of an equilibrium constant. Since the only way to make
recognition infallible is to make the energy of binding infinitely large, living cells
constantly make errors; those that are intolerable are corrected by specific repair
processes.

Genes Are Made of DNA ¢

It has been obvious for as long as humans have sown crops or raised animals that
each seed or fertilized egg must contain a hidden plan, or design, for the devel-
opment of the organism. In modern times the science of genetics grew up around
the premise of invisible information-containing elements, called genes, that are
distributed to each daughter cell when a cell divides. Therefore, before dividing,
a cell has to make a copy of its genes in order to give a complete set to each
daughter cell. The genes in the sperm and egg cells carry the hereditary informa-
tion from one generation to the next.

The inheritance of biological characteristics must involve patterns of atoms
that follow the laws of physics and chemistry: in other words, genes must be
formed from molecules. At first the nature of these molecules was hard to imag-
ine. What kind of molecule could be stored in a cell and direct the activities of
a developing organism and also be capable of accurate and almost unlimited
replication?

By the end of the nineteenth century biologists had recognized that the car-
riers of inherited information were the chromosomes that become visible in the
nucleus as a cell begins to divide. But the evidence that the deoxyribonucieic acid
(DNA) in these chromosomes is the substance of which genes are made came
only much later, from studies on bacteria. In 1944 it was shown that adding pu-
rified DNA from one strain of bacteria to a second, slightly different bacterial
strain conferred heritable properties characteristic of the first strain upon the
second. Because it had been commonly believed that only proteins have enough
conformational complexity to carry genetic information, this discovery came as
a surprise, and it was not generally accepted until the early 1950s. Today the idea
that DNA carries genetic information in its long chain of nucleotides is so fun-
damental to biological thought that it is sometimes difficult to realize the enor-
mous intellectual gap that it filled.

DNA Molecules Consist of Two Long Chains Held Together
by Complementary Base Pairs 10

The difficulty that geneticists had in accepting DNA as the substance of genes is
understandable, considering the simplicity of its chemistry. A DNA chain is a
long, unbranched polymer composed of only four types of subunits. These are
the deoxyribonucleotides containing the bases adenine (A), cytosine (C), guanine
(G), and thymine (T). The nucleotides are linked together by covalent phospho-
diester bonds that join the 5’ carbon of one deoxyribose group to the 3’ carbon
of the next (see Panel 2-6, pp. 58-59). The four kinds of bases are attached to this

98  Chapter 3 : Macromolecules: Structure, Shape, and Information
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repetitive sugar-phosphate chain almost like four kinds of beads strung on a
necklace.

How can a long chain of nucleotides encode the instructions for an organ-
ism or even a cell? And how can these messages be copied from one generation
of cells to the next? The answers lie in the structure of the DNA molecule.

Early in the 1950s x-ray diffraction analyses of specimens of DNA pulled into
fibers suggested that the DNA molecule is a helical polymer composed of two
strands. The helical structure of DNA was not surprising since, as we have seen,
a helix will often form if each of the neighboring subunits in a polymer is regu-
larly oriented. But the finding that DNA is two-stranded was of crucial signifi-
cance. It provided the clue that led, in 1953, to the construction of a model that
fitted the observed x-ray diffraction pattern and thereby solved the puzzle of DNA
structure and function.

An essential feature of the model was that all of the bases of the DNA mol-
ecule are on the inside of the double helix, with the sugar phosphates on the
outside. This demands that the bases on one strand be extremely close to those
on the other, and the fit proposed required specific base-pairing between a large
purine base (A or G, each of which has a double ring) on one chain and a smaller
pyrimidine base (T or C, each of which has a single ring) on the other chain (Fig-
ure 3-10).

Both evidence from earlier biochemical experiments and conclusions derived
from model building suggested that complementary base pairs (also called
Watson-Crick base pairs) form between A and T and between G and C. Biochemi-
cal analyses of DNA preparations from different species had shown that, although
the nucleotide composition of DNA varies a great deal (for example, from 13%
Aresidues to 36% A residues in the DNA of different types of bacteria), there is
a general rule that quantitatively [G] = [C] and [A] = [T]. Model building revealed
that the numbers of effective hydrogen bonds that could be formed between G
and C or between A and T were greater than for any other combinations (see
Panel 3-2, pp. 100-101). The double-helical model for DNA thus neatly explained
the quantitative biochemistry.

The Structure of DNA Provides an Explanation
for Heredity !

A gene carries biological information in a form that must be precisely copied and
transmitted from each cell to all of its progeny. The implications of the discov-
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Figure 3-10 The DNA double helix.
(A) A short section of the helix viewed
from its side. Four complementary
base pairs are shown. The bases are
shown in green, while the deoxyribose
sugars are blue. (B) The helix viewed
from an end. Note that the two DNA
strands run in opposite directions and
that each base pair is held together by
either two or three hydrogen bonds
(see also Panel 3-2, pp. 100-101).
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The Nucleotide Sequence of a Gene Determines the Amino
Acid Sequence of a Protein 13

DNA is relatively inert chemically. The information it contains is expressed in-
directly via other molecules: DNA directs the synthesis of specific RNA and pro-
tein molecules, which in turn determine the cell’s chemical and physical prop-
erties.

At about the time that biophysicists were analyzing the three-dimensional
structure of DNA by x-ray diffraction, biochemists were intensively studying the
chemical structure of proteins. It was already known that proteins are chains of
amino acids joined together by sequential peptide linkages; but it was only in the
early 1950s, when the small protein insulin was sequenced (Figure 3-14), that it
was discovered that each type of protein consists of a unique sequence of amino
acids. Just as solving the structure of DNA was seminal in understanding the
molecular basis of genetics and heredity, so sequencing insulin provided a key
to understanding the structure and function of proteins. If insulin had a definite,
genetically determined sequence, then presumably so did every other protein.
It seemed reasonable to suppose, moreover, that the properties of a protein
would depend on the precise order in which its constituent amino acids are ar-
ranged.

Both DNA and protein are composed of a linear sequence of subunits; even-
tually, the analysis of the proteins made by mutant genes demonstrated that the
two sequences are co-linear—that is, the nucleotides in DNA are arranged in an
order corresponding to the order of the amino acids in the protein they specify.
It became evident that the DNA sequence contains a coded specification of the
protein sequence. The central question in molecular biology then became how
a cell translates a nucleotide sequence in DNA into an amino acid sequence in
a protein.

Portions of DNA Sequence Are Copied into RNA Molecules
That Guide Protein Synthesis

The synthesis of proteins involves copying specific regions of DNA (the genes)
into polynucleotides of a chemically and functionally different type known as
ribonucleic acid, or RNA. RNA, like DNA, is composed of a linear sequence of
nucleotides, but it has two small chemical differences: (1) the sugar-phosphate
backbone of RNA contains ribose instead of a deoxyribose sugar and (2) the base
thymine (T) is replaced by uracil (U), a very closely related base that likewise pairs
with A (see Panel 3-2, pp. 100-101).

RNA retains all of the information of the DNA sequence from which it was
copied, as well as the base-pairing properties of DNA. Molecules of RNA are syn-
thesized by a process known as DNA transcription, which is similar to DNA rep-
lication in that one of the two strands of DNA acts as a template on which the
base-pairing abilities of incoming nucleotides are tested. When a good match is
achieved with the DNA template, a ribonucleotide is incorporated as a covalently
bonded unit. In this way the growing RNA chain is elongated one nucleotide at
a time.

DNA transcription differs from DNA replication in a number of ways. The
RNA product, for example, does not remain as a strand annealed to DNA. Just
behind the region where the ribonucleotides are being added, the original DNA
helix re-forms and releases the RNA chain. Thus RNA molecules are single-

164  Chapter 3 : Macromolecules: Structure, Shape, and Information
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Figure 3-14 The amino acid
sequence of bovine insulin. Insulin is
a very small protein that consists of -
two polypeptide chains, one 21 and
the other 30 amino acid residues long,
Each chain has a unique, genetically
determined sequence of amino acids,
The one-letter symbols used to
specify amino acids are those listed
in Panel 2-5, pages 56-57; the

5—S bonds shown in red are disulfide
bonds between cysteine residues. The
protein is made initially as a single
long polypeptide chain (encoded bya
single gene) that is subsequently
cleaved to give the two chains.
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Figurs 215 The transfer of
information from DNA to protein.
The transfer proceeds by means of an
RNA intermediate called messenger
RNA (mRNA). In procaryotic cells the
DNA .- : process is simpler than in eucaryotic

= e cells. In eucaryotes the coding regions
_TRANSCRIPTION of the DNA (in the exons, shown in
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stranded. Moreover, RNA molecules are relatively short compared to DNA mol-
ecules since they are copied from a limited region of the DNA—enough to make
one or a few proteins (Figure 3-15). RNA transcripts that direct the synthesis of
protein molecules are called messenger RNA (mRNA) molecules, while other
RNA transcripts serve as transfer RNAs (tRNAs) or form the RNA components of
ribosomes (rfRNA) or smaller ribonucleoprotein particles.

The amount of RNA made from a particular region of DNA is controlled by
gene regulatory proteins that bind to specific sites on DNA close to the coding
sequences of a gene. In any cell at any given time, some genes are used to make
RNA in very large quantities while other genes are not transcribed at all. For an
active gene thousands of RNA transcripts can be made from the same DNA seg-
ment in each cell generation. Because each mRNA molecule can be translated
into many thousands of copies of a polypeptide chain, the information contained
in a small region of DNA can direct the synthesis of millions of copies of a spe-
cific protein. The protein fibroin, for example, is the major component of silk. In
each silk gland cell a single fibroin gene makes 10* copies of mRNA, each of which
directs the synthesis of 10° molecules of fibroin—producing a total of 10° mol-
ecules of fibroin in just 4 days.

Eucaryotic RNA Molecules Are Spliced to Remove
Intron Sequences 15

In bacterial cells most proteins are encoded by a single uninterrupted stretch of
DNA sequence that is copied without alteration to produce an mRNA molecule.
In 1977 molecular biologists were astonished by the discovery that most eucary-
otic genes have their coding sequences (called exons) interrupted by noncoding
sequences (called introns). To produce a protein, the entire length of the gene,
including both its introns and its exons, is first transcribed into a very large RNA
molecule—the primary transcript. Before this RNA molecule leaves the nucleus,
a complex of RNA-processing enzymes removes all of the intron sequences,
thereby producing a much shorter RNA molecule. After this RNA-processing step,
Called RNA splicing, has been completed, the RNA molecule moves to the cyto-
Plasm as an mRNA molecule that directs the synthesis of a particular protein (see
Figure 3-15).

This seemingly wasteful mode of information transfer in eucaryotes is pre-
Sumed to have evolved because it makes protein synthesis much more versatile.
The primary RNA transcripts of some genes, for example, can be spliced in vari-
Ous ways to produce different mRNAs, depending on the cell type or stage of

Nucleic Acids 105
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development. This allows different proteins to be produced from the same gene.
Moreover, because the presence of numerous introns facilitates genetic recom-
bination events between exons, this type of gene arrangement is likely to have
been profoundly important in the early evolutionary history of genes, speeding
up the process whereby organisms evolve new proteins from parts of preexist-
ing ones instead of evolving totally new amino acid sequences.

Sequences of Nucleotides in mRNA Are “Read” in Sets
of Three and Translated into Amino Acids 16

The rules by which the nucleotide sequence of a gene is translated into the amino
acid sequence of a protein, the so-called genetic code, were deciphered in the
early 1960s. The sequence of nucleotides in the mRNA molecule that acts as
an intermediate was found to be read in serial order in groups of three. Each
triplet of nucleotides, called a coden, specifies one amino acid. Since RNA is
a linear polymer of four different nucleotides, there are 43 = 64 possible codon
triplets (remember that it is the sequence of nucleotides in the triplet that is
important). However, only 20 different amino acids are commonly found in
proteins, so that most amino acids are specified by several codons; that is, the
genetic code is degenerate. The code (shown in Figure 3-16) has been highly
conserved during evolution: with a few minor exceptions, it is the same in organ-
isms as diverse as bacteria, plants, and humans.

In principle, each RNA sequence can be translated in any one of three dif-
terent reading frames depending on where the decoding process begins (Figure
3-17). In almost every case only one of these reading frames will produce a func-
tional protein. Since there are no punctuation signals except at the beginning and
end of the RNA message, the reading frame is set at the initiation of the trans-
lation process and is maintained thereafter.

tRNA Molecules Match Amino Acids
to Groups of Nucleotides 17

The codons in an mRNA molecule do not directly recognize the amino acids they
specify in the way that an enzyme recognizes a substrate. The translation of
mRNA into protein depends on “adaptor” molecules that recognize both an

106  Chapter 3 : Macromolecules: Structure, Shape, and Information

~.% The genetic code. Sets of
three nucleotides (codons) in an
mRNA molecule are translated into
amino acids in the course of protein
synthesis according to the rules
shown. The codons GUG and GAG,
for example, are translated into valine
and glutamic acid, respectively. Note
that those codons with U or C as the
second nucleotide tend to specify the
more hydrophobic amino acids
(compare with Panel 2-5, pp. 56-57).

5 3
CUC AGC_ GUU_ ACC AU
1 = 7 TS

z 3~17 The three possible
reading frames in protein synthesis.
In the process of translating a
nucleotide sequence (blue) into an
amino acid sequence (green), the
sequence of nucleotides in an mRNA
molecule is read from the 5 to the 3’
end in sequential sets of three
nucleotides. In principle, therefore
the same RNA sequence can specify’
three completely different amino acl
sequences, depending on the
“reading frame.”
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Summary

Before the synthesis of a particular protein can begin, the corresponding mRNA
molecule must be produced by DNA transcription. Then a small ribosomal subunit
binds to the mRNA molecule at a start codon (AUG) that is recognized by a unique
initiator iRNA molecule. A large ribosomal subunit binds to complete the ribosome
and initiate the elongation phase of protein synthesis. During this phase aminoacyl
tRNAs, each bearing a specific amino acid, sequentially bind to the appropriate codon
in mRNA by forming complementary base pairs with the tRNA anticodon. Each
amino acid is added to the carboxyl-terminal end of the growing polypeptide by
means of a cycle of three sequential steps: aminoacyl-tRNA binding, followed by pep-
tide bond formation, followed by ribosome translocation. The ribosome progresses
Jrom codon to codon in the 5-to-3’ direction along the mRNA molecule until one of
three stop codons is reached. A release factor then binds to the stop codon, terminat-
ing translation and releasing the completed polypeptide from the ribosome.

Eucaryotic and procaryotic ribosomes are highly homologous, despite substantial
differences in the number and size of their rRNA and protein components. The pre-
dominant role of rRNA in ribosome structure and function is likely to reflect the
ancient origin of protein synthesis, which is thought to have evolved in an environ-
ment dominated by RNA-mediated catalysis.

The long-term survival of a species may be enhanced by genetic changes, but the
survival of the individual demands genetic stability. Maintaining genetic stability
requires not only an extremely accurate mechanism for replicating the DNA
before a cell divides, but also mechanisms for repairing the many accidental le-
sions that occur continually in DNA. Most such spontaneous changes in DNA are
temporary because they are immediately corrected by processes collectively
called DNA repair. Only rarely do the cell’s DNA maintenance processes fail and
allow a permanent change in the DNA. Such a change is called a mutation, and
it can destroy an organism if the change occurs in a vital position in the DNA se-
quence.

Before examining the mechanisms of DNA repair, we briefly discuss the
maintenance of DNA sequences from one generation to the next.

DNA Sequences Are Maintained with Very High Fidelity 17

The rate at which stable changes occur in DNA sequences (the mutation rate) can
be estimated only indirectly. One way is to compare the amino acid sequence of
the same protein in several species. The fraction of the amino acids that are dif-
ferent can then be compared with the estimated number of years since each pair
of species diverged from a common ancestor, as determined from the fossil
record. In this way one can calculate the number of years that elapse, on aver-
age, before an inherited change in the amino acid sequence of a protein becomes
fixed in the species. Because each such change will commonly reflect the alter-
ation of a single nucleotide in the DNA sequence of the gene encoding that pro-
tein, this value can be used to estimate the average number of years required to
produce a single, stable mutation in the gene.

Such calculations always will substantially underestimate the actual muta-
tion rate because most mutations will spoil the function of the protein and vanish
from the population through natural selection. But there is one family of proteins
whose sequence does not seem to matter, and so the genes that encode them can
accumulate mutations without being selected against. These proteins are the
fibrinopeptides—20-residue-long fragments that are discarded from the protein
fibrinogen when it is activated to form fibrin during blood clotting. Since the
function of fibrinopeptides apparently does not depend on their amino acid se-

242  Chapter 8 : Basic Genetic Mechanisms
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can tolerate almost any amino acid change. Sequence analysis of
ce: o eptides indicates that an average-sized protein 400 amino acids long
e randomly altered by an amino acid change roughly once every 200,000
ore recently, DNA sequencing technology has made it possible to com-

s esponding nucleotide sequences in regions of the genome that do not
e COIT rotein. Comparisons of such sequences in several mammalian species
imates of the mutation rate during evolution that are in excellent
ent with those obtained from the fibrinopeptide studies.

Observed Mutation Rates in Proliferating Cells
gre consistent with Evolutionary Estimates '®

mutation rate can be estimated more directly by observing the rate at which
e taneous genetic changes arise in a large population of cells followed over a

3 On'vely short period of time. This can be done either by estimating the fre-
Felagcy with which new mutants arise in very large animal populations (in a
,;Qﬁiny of fruit flies or mice, for example) or by screening for changes in specific

' ‘E?:Oteins in cells growing in culture. Although they are only approximate, the
. qumbers obtained in both cases are consistent with an error frequency of 1 base-
4ir change in roughly 10° base pairs for each cell generation. Consequently, a
single gene that encodes an average-sized protein (containing about 10° coding
 pase pairs) would suffer a mutation once in about 10° cell generations. This num-
. peris at least roughly consistent with the evolutionary estimate described above,
in which one mutation appears in an average gene in the germ line every 200,000

_years.

Most Mutations in Proteins Are Deleterious
_and Are Eliminated by Natural Selection !9

_When the number of amino acid differences in a particular protein is plotted for
several pairs of species against the time since the species diverged, the result is
‘areasonably straight line. That is, the longer the period since divergence, the
larger the number of differences. For convenience, the slope of this line can be
expressed in terms of the “unit evolutionary time” for that protein, which is the
average time required for 1 amino acid change to appear in a sequence of 100
amino acid residues. When various proteins are compared, each shows a different
but characteristic rate of evolution (Figure 6-32). Since all DNA base pairs are
thought to be subject to roughly the same rate of random mutation, these differ-
ent rates must reflect differences in the probability that an organism with a ran-
dom mutation over the given protein will survive and propagate. Changes in
amino acid sequence are evidently much more harmful for some proteins than
fO{ others. From Table 6-2 we can estimate that about 6 of every 7 random amino
acid changes are harmful over the long term in hemoglobin, about 29 of every
30‘ amino acid changes are harmful in cytochrome c, and virtually all amino
acid changes are harmful in histone H4. We assume that individuals who carried

::fh harmful mutations have been eliminated from the population by natural
€ction,

Low Mutation Rates Are Necessary for Life as We Know It 19

zlcréie most mutations are deleterious, no species can afford to allow them to
Mulate at a high rate in its germ cells. We discuss later why the observed
Uation frequency, low though it is, nevertheless, is thought to limit the number
80 e;S‘intial proteins that any organism can encode in its germ line to about
hiéheO. By an e‘xtension of the same arguments, a mutation frequency tenfold
I would limit an organism to about 6000 essential proteins. In this case

a fgu‘fti()n would probably have stopped at an organism no more complex than
it fly.

DNA Re pair

amino acid changes per 100 amino acids

200 400 600 800 1000
millions of years since divergence
of species

Figure 6-32 Different proteins
evolve at very different rates. A
comparison of the rates of amino acid
change found in hemoglobin, cyto-
chrome ¢, and the fibrinopeptides.
Hemoglobin and cytochrome c have
changed much more slowly during
evolution than the fibrinopeptides. In
determining rates of change per year
(as in Table 6-2), it is important to
realize that two species that diverged
from a common ancestor 100 million
years ago are separated by 200 million
years of evolutionary time.
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4. DNA cloning, whereby a single DNA molecule can be copied to generate
many billions of identical molecules.

5. DNA engineering, by which DNA sequences are altered to make modified
versions of genes, which are reinserted back into cells or organisms.

In this chapter we explain how recombinant DNA technology has generated
the new experimental approaches that have revolutionized cell biology.

Before the 1970s the goal of isolating a single gene from a large chromosome
seemed unattainable. Unlike a protein, a gene does not exist as a discrete entity
in cells, but rather as a small region of a much larger DNA molecule. Although
the DNA molecules in a cell can be randomly broken into small pieces by me-
chanical force, a fragment containing a single gene in a mammalian 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? Since
all DNA molecules consist of an approximately equal mixture of the same four
nucleotides, they cannot be 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 useful for further experiments.

The solution to 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, pro-
ducing double-stranded DNA fragments of strictly defined sizes. Different spe-
cies of bacteria make restriction nucleases with different sequence specificities,
and it is relatively simple to find a restriction nuclease that will create a DNA
fragment that includes a particular gene. The size of the DNA fragment can then

Teble 7-1 Seme Major Steps in the Development of Recombinant DNA Technology

1869 Miescher isolated DNA for the first time.

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

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

1957 Kornberg discovered DNA polymerase, the enzyme now used to
produce labeled DNA probes.

1961 Marmur and Doty discovered DNA renaturation, establishing the
specificity and feasibility of nucleic acid hybridization reactions.

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

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

1967 Gellert discovered DNA ligase, the enzyme used to join DNA fragments

together.

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

Southern developed gel-transfer hybridization for the detection of
specific DNA sequences.

1975-1977 Sanger and Barrell and Maxam and Gilbert developed rapid DNA-

sequencing methods.

1981-1982 Palmiter and Brinster produced transgenic mice; Spradling and Rubin
produced transgenic fruit flies.

Mullis and co-workers invented the polymerase chain reaction (PCR).

1975

1985

292 Chapter 7 : Recombinant DNA Technology

Figurs 7-1 The DNA nucleotide
sequences recognized by four widely
used restriction nucleases. As in the
examples shown, such sequences aré.
often six base pairs long and -
“palindromic” (that is, the nucleotide
sequence is the same if the helix is
turned by 180 degrees around the )
center of the short region of helix that_
is recognized). The enzymes cut the
two strands of DNA at or near the
recognition sequence. For some
enzymes, such as Hpa I, the cleavag®
leaves blunt ends; for others, such &
Eco R, Hind III, and Pst I, the
cleavage is staggered and creates
cohesive ends. Restriction nuclease®
are obtained from various species @
bacteria: Hpa I is from Hemophilté
parainfluenzae, Eco RI is from
Escherichia coli, Hind 11 is from
Hemophilus influenzae, and Pst11®
from Providencia stuartii.
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o basis for partially purifying the gene from a mixture. Most impor-
- ased ES NA fragment usually serves as the starting material for the production
qant € ohly purified gene in unlimited amounts by DNA cloning.

fthe bl in this section by discussing how restriction nucleases are used to
S we bege cific DNA fragments and how these (and other) DNA molecules are
ucedSl; ccording to their size. We then explain how, after the purification and
cep ﬁ-‘fsation of a DNA fragment by DNA cloning, this DNA can be sequenced to

ine the order of its nucleotides.
7l

get®

on Nucleases Hydrolyze DNA Molecules

jcti >
estI o - Nucleotide Sequences 2

at Speciﬁ
pacteria make restriction nucleases, which protect the bacterial cell from
- ces by degrading the viral DNA. Each such nuclease recognizes a specific
virus ce of four to eight nucleotides in DNA. These sequences, where they occur
f’equ:éenome of the bacterium itself, are protected from cleavage by methyla-
1{3 that an A or a C residue; where the sequences occur in foreign DNA, they are
on rally not methylated and so are cleaved by the restriction nucleases. Large
genebers of restriction nucleases have been purified from various species of
: ;:g;ria; more than 100, most of which recognize different nucleotide sequences,
are nOW available commercially.
some restriction nucleases produce staggered cuts, which leave short single-
spranded tails at the two ends of each fragment (Figure 7-1). Ends of this type are
tnown as cohesive ends, as each tail can form complementary base pairs with the
tail at any other end produced by the same enzyme (Figure 7-2). The 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 restric-
_gon nuclease (or with another nuclease that produces the same cohesive ends).
DNA molecules produced by splicing together two or more DNA fragments in this
way are called recombinant DNA molecules; they have made possible many new
types of cell biological studies.

Many

Restriction Maps Show the Distribution of Short Marker
Nucleotide Sequences Along a Chromosome 2

Aparticular restriction nuclease will cut any double-helical DNA molecule ex-
tracted from a cell into a series of specific DNA fragments (known as restriction
fragments). By comparing the sizes of the DNA fragmenis produced from a par-
teular genetic region after treatment with a combination of different restriction
Nucleases, a restriction map of that region can be constructed showing the lo-
CaFiOn of each cutting (restriction) site in relation to neighboring restriction sites
(?Flgure 7-3). The different short DNA sequences recognized by different restric-
ton nucleases serve as convenient markers, and the restriction map reflects their
Arangement in the region. This allows one to compare the same region of DNA
™ different individuals (by comparing their restriction maps) without having to
ijtemline the nucleotide sequences in detail. By comparing the restriction maps
. UStrated in Figure 7-4, for example, we know that the chromosomal regions that

Od.e for hemoglobin chains in humans and various other primates have re-
Mained largely unchanged during the 5 to 10 million years since these species
inSt diVerged. Restriction maps are also used in DNA cloning and DNA engineer-
Stfi’c"."here they make it possible to locate a gene of interest on a particular re-

tion fragment and thus facilitate its isolation.

a

gfel ?’iectmphoresis Separates DNA Molecules
Different Sizes *

n the early 1970s it was found that the length and purity of DNA molecules could
aCcurately determined by the same types of gel electrophoresis methods that

N Fragmentation, Separation, and Sequencing of DNA Molecules

L5
e + T -3
3 [ =5
TTAA  AATT .
L
- 3'
2y 5'
annealing
5 AATT 3
3.lllll!“!‘.ll|ﬂ'5,
TTAA
5
5
- 3:
+ 5
3
5

Figure 7-2 Many kinds of restriction
nucleases produce DNA fragments
with cohesive ends. DNA fragments
with the same cohesive ends can
readily join by complementary base-
pairing between their cohesive ends
as illustrated. The two DNA fragments
that join in this example were both
produced by the Eco RI restriction
nuclease, whereas the three other
fragments were produced by different
restriction nucleases that generate
different cohesive ends (see Figure
7-1).
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known portion of amino acid sequence

- Gy

possible codons
5" GGA GUA AGA AUG GAC UGG AAC UAC GAA CCA UUA AGC ACA UGG GAA AUG

GGC GUC AGG GAU AAU UAU GAG CCC UUG AGU AcC GAG
GGG GUG CGA CCG CUA UCA ACG
GGU GUU CGC CCU CuC ucc Acu

CGG CUG UCG

CGU Cuu ucu

regions of coding

AAC CAA UGG UUC GUA AGA GCA
AAU CAG UUU GUC AGG GCC
GUG CGA GCa
GUU CGC Gecuy

CGG

CGU

3

sequence with L ! L
least ambiguity

synthetic
oligonucleotides
used as probes

AUGGASUGGAASUASGAéCC

(16 possibilities

The Selection of Overlapping DNA Clones Allows One
to “Walk” Along the Chromosome to a Nearby Gene
of Interest 22

Many of the most interesting genes—for example, those that control develop-
ment—are known only from genetic analysis of mutants in such organisms as the
fruit fly Drosophila and the nematode Caenorhabditis elegans. The protein prod-
ucts of these genes are unknown and may be present in very small quantities in
a few cells or prodiced only at one stage of development. A study of the genetic
linkage between different mutations, however, can be used to generate chromo-
some maps, which give the relative locations of the genes (see Figure 7-16). Once
one mapped gene has been cloned, the clones in a genomic DNA library that
correspond to neighboring genes can be identified using a technique called chro-
mosome walking. The methods described in this chapter can then be used to
deduce the exact structure and function of the gene of interest and the protein
that it encodes.

In chromosome walking one starts with a DNA clone corresponding to a gene
or an RFLP marker that is known to be as close as possible to the gene of inter-
est. One end of this clone is used to prepare a DNA probe, which is then used in
DNA hybridization experiments to find an overlapping clone in a genomic DNA
clone library. The DNA from this second DNA clone is purified, and its far end
is used to prepare a second DNA probe, which is used to find a clone that is over-
lapping, and so on. In this way one can walk along a chromosome one clone at
a time, in steps of 30,000 base pairs or more in either direction (Figure 7-28).

How does one know when the gene of interest (identified originally by a
deleterious mutation) has been reached, given that the walk is generally too long
for complete DNA sequencing to be practicable? For experimental organisms
such as fruit flies, nematodes, Arabidopsis, yeast, and mice, the ultimate proof
of the correct gene is to transfer the normal form of the gene (as a cloned DNA
molecule) into a chromosome of the mutant organism, producing a transgenic
organism (see Figures 7-45 and 7-49). If the original mutation was a recessive
one, the correct DNA should reverse the original mutant phenotype. Other,
less stringent criteria, however, are often used and are necessary in the case of
human genes, as described later (see Figure 7-30).

Ordered Genomic Clone Libraries Are Being Produced
for Selected Organisms 23

The whole task of identifying mutant genes should become vastly easier as knowl-
edge of the sequence of the normal genome becomes more complete and sys-
tematic. By using methods related to those described for chromosome walking,
it has been possible to order (map) a complete, or nearly complete, set of large
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]

UGGGARAUGAASCARUGGUY

{8 possibiiities}

! e 7-2Z7 Selecting regions of 3
known amino acid sequence to maj,
synthetic oligonucleotide probes,
Although only one nucleotide
sequence will actually code for the =
protein, the degeneracy of the genen;k
code means that several different
nucleotide sequences will give the
same amino acid sequence, and it js
impossible to tell in advance whichig
the correct one. Because it is desirabl
to have as large a fraction of the
correct nucleotide sequence as
possible in the mixture of
oligonucleotides to be used as a
probe, those regions with the fewes
possibilities are chosen, as illustrate
In this example the mixture of 8
closely related oligonucleotides
shown might be synthesized and tis&
to probe a clone library, and the
indicated mixture of 16
oligonucleotides would be used f
reprobe all positive clones to find
those that actually code for the
desired protein. After the
oligonucleotide mixture is
synthesized by chemical means,
end of each oligonucleotide is
radioactively labeled (see Figue !
6B); alternatively, the probe cant
marked with a chemical label bY _
incorporating a modified nucleo™
during its synthesis (see Figuré ™

th
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¥ MAKE PROBE FROM END OF CLONE A

¥ USE PROBE TO IDENTIFY NEW CLONE

clone B ¥ MAKE PROBE FROM END OF CLONE B

¥ USE PROBE TO IDENTIFY NEW CLONE

T1ON OF
COEL}%EgpP]NG DNA clone C

v
OVER THE
T SOMAL REGION

y cloned gene or genetic marker

p,evious'
/ i W

mal DNA

—- new gene of interest

Hor el LhramoBso T E el

i N N 11

R
chrormoso

mic clones along the chromosomes of the E. coli bacterium, the yeast Sac-
o1yCes cerevisiae, the fruit fly Drosophila, the plant Arabidopsis, and the
éiode C. elegans. Such large clones, each about 30,000 base pairs in length,
ally prepared in bacteriophage lambda vectors called cosmids, which are
ally designed to accept only large DNA inserts. It takes a few thousand such
to cover the entire genome of an organism such as C. elegans or Dros-
. To map the entire human genome in this way would require ordering
than 100,000 clones in cosmids, which is very time consuming but techni-
feasible. DNA fragments that are more than 10 times larger than these clones
000 to 1.5 million base pairs) can be cloned in yeast cells as YACs (yeast ar-
ial chromosomes) (Figure 7-29); in principle, the human genome could be
resented as about 10,000 clones of this type (see Figure 8-5).
n the near future, ordered sets of genomic clones will no doubt be available
centralized DNA libraries for use by all research workers. Eventually, a com-
ste library will be available for each commonly studied organism, with each
DNA fragment catalogued according to its chromosome of origin and numbered
entially with respect to the positions of all other DNA fragments derived from
ie same chromosome. One will then begin a “chromosome walk” simply by
btaining from the library all the clones covering the region of the genome that
ntains the mutant gene of interest.

‘ositional DNA Cloning Reveals Human Genes
With Unanticipated Functions 24

“ usands of human diseases are caused by alterations in single genes. Our
= dEIStanding of these genetic diseases is being revolutionized by recombinant

~ 300,000 base pairs

Tigure 7-22 The use of overlapping
DNA clones to find a new gene by
“chromosome walking.” To speed up
the walk, genomic libraries containing
very large cloned DNA molecules are
optimal. To probe for the next clone
in the walk by DNA hybridization, a
short DNA fragment (labeled with a
chemical or a radioisotope) from one
end of the previously identified clone
is purified: If a “right-handed” end is
used, for example, the walk will go in
the “rightward” direction, as shown in
this example. Use of a small end
fragment as a probe also reduces the
probability that the probe will contain
a repeated DNA sequence that would
hybridize with many clones from
different parts of the genome and
thereby interrupt the walk.

Figure 7-29 Overlapping genomic
DNA clones. The collection of clones
shown covers a small region of a
chromosome of the nematode worm
Caenorhabditis elegans and
represents 0.3% of the total genome.
(Adapted from J. Sulston et al., Nature
356:37-41, 1992. © 1992 Macmillan
Magazines Ltd.)
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mutant human gene somewhere
in these 1 million base pairs

STEP 7 -
RFLP marker Y
STEP 7
'DNA sequences conserved in mice_
i '\ ) o~
step 2
conserved DNA sequences
encoding an appropriate mRNA
. / |
STEP &
gene whose sequence is altered in those
humans with the mutant phenotype
- /
step & B

DNA methods, which allow the altered DNA to be cloned and sequenced, reveal-
ing the precise defect in each patient. In this way, for example, Duchenne’s
muscular dystrophy was shown to be due to an abnormal cytoskeletal protein
in muscle cells, and cystic fibrosis to be an abnormal chloride channel in epi-
thelial cells. This knowledge not only improves the accuracy of diagnosis but also
makes it possible, in principle at least, to design treatments.

Although the techniques used to find human disease genes have differed
depending on the disease, a standard approach has recently been developed that
makes it possible to isolate any human gene that is responsible by itself for a
specific trait or disease. It is called positional cloning because it starts with ge-
netic linkage mapping to locate the gene in the genome (Figure 7-30). While the
approach is straightforward, it presently requires 10 to 100 person-years to iso-
late a gene in this way. It will become much easier once DNA sequencing is highly
automated and the full DNA sequence of the human genome is known: genetic
linkage mapping will reveal immediately which genes are prime suspects, and the
sequences of these genes can then be analyzed directly in individual patients. The
functions of thousands of human genes are likely to be identified in this way.

Selected DNA Segments Can Be Cloned in a Test Tube
by a Polymerase Chain Reaction 2°

The availability of purified DNA polymerases and chemically synthesized DNA
oligonucleotides has made it possible to clone specific DNA sequences rapidly
without the need for a living cell. The technique, called the pelymerase chain
reaction (PCR), allows the DNA from a selected region of a genome to be am-
plified a billionfold, provided that at least part of its nucleotide sequence is al-
ready known. First, the known part of the sequence is used to design two syn-
thetic DNA oligonucleotides, one complementary to each strand of the DNA
double helix and lying on opposite sides of the region to be amplified. These
oligonucleotides serve as primers for in virro DNA synthesis, which is catalyzed

316 Chapter 7 : Recombinant DNA Technology

Figure 7-30 Positional cloning, Th
procedure requires a mutant humay,
gene whose inheritance can be tracg, d
in many family groups by virtue of the
phenotype that the mutation Causgg
Step 1, genetic mapping: RELP
markers that are coinherited with g,
phenotype are identified and useq ¢,
position the gene within about 106
base pairs (one megabase, or aboyg
1% the length of a typical human
chromosome). Step 2, assembly of gy,
ordered clone library: genomic DNp
clones are obtained that cover the
entire region between two RFLP
markers that bracket the gene, Step 3,
search for conserved DNA sequences:
the portions of each DNA clone that
hybridize with mouse DNA are
identified; only those regions of the
human chromosome whose
nucleotide sequence is important v
have been sufficiently conserved
during evolution to form such a
hybrid DNA helix (one strand human
and the other mouse). Step 4, search
for appropriate mRNAs: the subset of
conserved DNA sequences that
encode an mRNA in tissues where the
mutant phenotype is expressed are
the most likely to represent the
mutant gene. Step 5, finding a
difference in the DNA sequence of
mutated genes. When the deleterious.
mutations in a typical human gene
are analyzed, about 1 in 10 turns out
to be a deletion that is easily detected
as a change in the size of a restriction
fragment detected by Southein
blotting. For this reason one generally
begins by screening the DNA of maff
human patients with the same dise#*
using probes identified in step 4,
looking for such a change. If the
mutation is not detectable as a
deletion, other, more laborious
methods that are capable of det
single base changes must be used ¥
identify the gene of interest.

ecting
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k olymerase, and they determine the ends of the final DNA fragment separated complementary DNA strands
.4 Pﬁbmméd (Figure 7-31). .
rinciple of the PCR technique is illustrated in Figure 7-32. Each cycle
; ction requires a brief heat ireatment to separate the two strands of the
fthe r,eaDNA double helix (step 1). The success of the technique depends on the
nic écial DNA polymerase isolated from a thermophilic bacterium that is
s¢ of much higher temperatures than normal, so that it is not denatured by
able & ed heat treatments. A subsequent cooling of the DNA in the presence

. defined
primers

27 eat
erepie excess of the two primer DNA oligonucleotides allows these oligo-

- Bfal ?des to hybridize to complementary sequences in the genomic DNA (step
cleotlalnne aled mixture is then incubated with DNA polymerase and the four

L Thjibonudeoside triphosphates so that the regions of DNA downstream from
0%y £ the two primers are selectively synthesized (step 3). When the procedure .
l;,zated the newly synthesized fragments serve as templates in their turn, and X nucleotide pairs
~ afew cycles the predominant product is a single species of DNA fragment Figure 7-31 The start of the
Jength corresponds to the distance between the two original primers. In  polymerase chain reaction (PCR) for
ractices 20 to 30 cycles of reaction are requirefi forveffective pNA amplification. amplifying specific nucleotide
Fach cycle doubles the amount of DNA synthesized in the previous cycle. A single  sequences in vitro. DNA isolated

<cle requires only about 5 minutes, and an automated procedure permits “cell-  from cells is heated to separate its
o molecular cloning” of a DNA fragment in a few hours, compared with the complementary strands. These
eral days required for standard cloning procedures. strands are then annealed with an
The PCR method is extremely sensitive; it can detect a single DNA molecule  ©xcess of two DNA oligonucleotides
. le. Trace amounts of RNA can be analyzed in the same way by first tran- (each 15 to 20 nucleotides long) that
maS.amP ° ! R N . have been chemically synthesized to
scribing them into DNA with reverse transcriptase. The PCR cloning technique match sequences separated by X
is rapidly replacing Southern blotting for the diagnosis of genetic diseases and || 400400 (where X is generally
ir the detection of low levels of viral infection. It also has great promise in fo-  peqween 50 and 2000). The two

rensic medicine as a means of analyzing minute traces of blood or other tissues—  gligonucleotides serve as specific

whos€

 even as little as a single cell—and identifying the person from whom they came primers for in vitro DNA synthesis
~ byhis or her genetic “fingerprint” (Figure 7-33). catalyzed by DNA polymerase, which
o copies the DNA between the
) X sequences corresponding to the two
igare 7-32 PCR amplification. PCR produces an amount of DNA that oligonucleotides.
doubles in each cycle of DNA synthesis and includes a uniquely sized DNA
species. Three steps constitute each cycle, as described in the text. After
many cycles of reaction, the population of DNA molecules becomes
dominated by a single DNA fragment, X nucleotides long, provided that the
original DNA sample contains the DNA sequence that was anticipated
when the two oligonucleotides were designed. In the example illustrated,
three cycles of reaction produce 16 DNA chains, 8 of which have this
unique length (yellow); but after three more cycles, 240 of the 256 DNA separate DNA DNA
chains would be X nucleotides long. strands and anneal synthesis
separate DNA DNA i
strands and anneal synthesis

separate DNA DNA s 3 i R
strands and anneal synthesis / N

. \
IMeng of

«-.
iy

ke
mosoma, DMA

FRSTCYCLE ' . SECONDCYCLE = S tuRpeyoiE

{2 double-stranded DNA molecules). {4 double-stranded DNA molecules) (8 double-stranded DNA molecules)

by
; A Clonjneg 317
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erroneously believed to contain only a simple repeating

ids W€ © o (such as AGCTAGCTAGCT....). We now know, however,
g 561?11; is an enormously long, unbranched, linear polymer that can
Amole‘;l Jions of nucleotides arranged in an irregular but nonrandom
\ Irrllat the genetic information of a cell is contained in the linear

! des in its DNA. The genetic code, written in “words” of three
that each specify an amino acid, discussed in Chapter 6),
blem of storing a large amount of genetic information in a
every million “letters” (nucleotides) take up a linear dis-
(0.034 cm) and occupy a total volume of about 106 nm3

. aucleoti
gtides (codors
jves the pro )
ouﬂt Of Spa(fe'
nall* only 3.4 X 10710
ance O
510 )-N A molecule is packaged in a separate chromosome, and the total
gach v nation stored in the chromosomes of an organism is said to con-
etic “‘fogome, The genome of the E. coli bacterium contains 4.7 x 108 nucle-
sote 1t g‘; £ DNA, present in a single double-helical DNA molecule (one chro-
EpmrSThe human genome, in contrast, contains about 3 x 10° nucleotide
'Gme;mized as 24 chromosomes (22 different autosomes and 2 different sex
3 Or%mes), and thus consists of 24 different DNA molecules—each contain-
Gmgf 50 x 10° to 250 X 108 nucleotide pairs of DNA. DNA molecules of this size
r; t0 8.5 cm long when uncoiled, and even the slightest mechanical force will
e a them once the chromosomal proteins have been removed.
In diploid organisms such as ourselves, there are two copies of each differ-
« chromosome, one inherited from the mother and one from the father (except
}fthe sex chromosomes in males, where a Y chromosome is inherited from the
ther and an X from the mother). A typical human cell thus contains a total of
15 chromosomes and about 6 x 10° nucleotide pairs of DNA. Other mammals
 pave genomes of similar size. This amount of DNA could in theory be packed into
. a¢ube 1.9 um on each side. By comparison, 6 x 10° letters in this book would
cupy more than a million pages, thus requiring more than 10" times as much
. Space.
k : . In this section we consider the relationship between DNA molecules, genes,
- and chromosomes, and we discuss how the DNA is folded into a compact and
srderly structure—the chromosome—while still allowing access to its genetic
information. Throughout the discussion, it is important to bear in mind that the
. thromosomes in a cell change their structure and activities according to the stage
- ufthe cell-division cycle: in mitosis, or M phase, they are very highly condensed
_and ranscriptionally inactive; in the other, much longer part of the division cycle,
- talled interphase, they are less condensed and are continuously active in directing
_ RNA synthesis.

Bach DNA Molecule That Forms a Linear Chromosome
MUSIE Contain a Centromere, Two Telomeres, and
 Replication Origins 2

To form a functional chromosome, a DNA molecule must be able to do more
than direct the synthesis of RNA: it must be able to propagate itself reliably from
:’::e cell generation to the next. This requires three types of specialized nucleotide
X Quences in the DNA, each of which serves to attach specific proteins that guide
“'® machinery that replicates and segregates chromosomes. Experiments in
i(e]aStS,, whose chromosomes are relatively small and easy to manipulate by re-
resmblne.mt DNA methods, have identified the minimal DNA sequence element.s
Ieé’(};nsdble for each of these functions. Two of the three elements were identi-
= Dy studying small circular DNA molecules that can be propagated as plas-
m’fjs in cells of the yeast Saccharomyces cerevisiae. In order to replicate, such a
VA molecule requires a specific nucleotide sequence to act as a DNA replica-
c;:“ Origin; as we discuss below, one can identify the many origins in each yeast
"Omosome by their ability to allow a test DNA molecule that contains one of

Qhronmsomal DNA and Its Packaging
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clAL CHROMOSOME VECTOR HUMAN DNA Figure 8-5 The making of a yeast
1 ART IFIC artificial chromosome (YAC). A YAC
~ai CE /’;Ecc’m vector allows the cloning of very large
DNA molecules. TEL, CEN, and ORI
are the telomere, centromere, and
replication origin sequence elements,
respectively, for the yeast
Saccharomyces cerevisiae. BamH1 and
EcoR1 are sites where the
corresponding restriction nucleases
VERY LIGHT cut the DNA double helix. The
EcoR1 DIGESTION sequences denoted as A and B encode
enzymes that serve as selectable
markers to allow the easy isolation of
yeast celis that have taken up the
artificial chromosome. (Adapted from
D.T. Burke, G.F. Carle, and M.V.
Olson, Science 236:806-812, 1987.
© 1987 AAAS.)

O

A

>
BamH1

BamH1 AND EcoR1
DIGESTION

A CRI CEN

teft arm

A ORI CEN

5.6 x 10° nucleotide pairs up to 108 nucleotide pairs 3.9 x 10° nucleotide pairs

ARTIFICIAL YEAST CHROMOSOME WITH INSERTED HUMAN DNA

Most Chromosomal DNA Does Not Code for
Proteins or RNAs 3

The genomes of higher organisms seem to contain a large excess of DNA. Long
before it was possible to examine the nucleotide sequences of chromosomal DNA
directly, it was evident that the amount of DNA in the haploid genome of an
organism has no systematic relationship to the complexity of the organism.
Human cells, for example, contain about 700 times more DNA than the bacte-
rium E. coli, but some amphibian and plant cells contain 30 times more DNA
than human cells (Figure 8-6). Moreover, the genomes of different species of
amphibians can vary 100-fold in their DNA content.

Population geneticists have tried to estimate how much of the DNA in higher
organisms codes for essential proteins or RNA molecules on the basis of the fol-
lowing indirect argument. Each gene is inevitably subject to a small risk of ac-
cidental mutation, in which nucleotides in the DNA are altered at random. The
8reater the number of genes, the greater the probability that a mutation will occur
I at least one of them. Since most mutations will impair the function of the gene
M which they occur, the mutation rate sets an upper limit to the number of es-
two Sential genes that an organism can depend on for its survival: if there are too
1o Many, disaster becomes almost a certainty, as with a complex machine depen-
iwed €Nton too many components that are liable to fail. Using this argument and the
ch Observed mutation rate, it has been estimated that no more than a small percent-
i; z:ii? of the mammalian genome can be involved in regulating or encoding essen-
: ' Proteins or RNA molecules. We shall see later that other evidence supports
18 conclusion.

.The most important implication of this estimate is that although the mam-
1e ;‘fﬂlaﬂ genome contains enough DNA, in principle,~ to cgde for ngarly§ million
2 s fTage-sized proteins (3 x 10° nucleotides), the limited fidelity with which DNA
-the is c1‘Uences can be maintained means that no mammal (or any other organism)

Ikely to be constructed from more than perhaps 60,000 essential proteins.

at
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il GENES AND PHENOTYPES

Gene: a functional unit of inheritance, usually corresponding
to the segment of DNA coding for a single protein.
Genome: an organism's set of genes.

locus: the site of '(he| gene in the genome

- ) Wild-type: the normal, Mutant: differing from the
alleles: alternative forms of a gene naturally occurring type wild-type because of 3 genes
change (a mutation) tig E
homozygous A/A heterozygous a/A homozygous a/3

GENOTYPE: the specific set of A £

alle'les'ﬂ.)rmmg the genome of ; 7 - . e 3 = . ir
an individual

PHENOTYPE: the visible lethal

character of the individual prem.

’ condi

allele A is dominant (relative to a); allele a is recessive (relative to A) undet

In the example above, the phenotype of the heterozygote is the same as that of one of the undel

homozygotes; in cases where it is different from both, the two alleles are said to be co-dominapy effect

the re

the pe¢

loss-c

CHROMOSOMES a chromosome at the beginning of the cell of the

cycle, in G, phase; the single long bar Loss-

centromere represents one long double helix of DNA otrgl;an

at lea:

short “p” arm fong “q” arm null v

paternal 1

maternal 3
ﬁ paternal 2

a chromosome at the end of the cell cycle, in
metaphase; it is duplicated and condensed, consisting of
two identical sister chromatids (each containing one
DNA double helix) joined at the centromere.

A normal diploid chromosome set, as
seen in a metaphase spread,
prepared by bursting open a cell at
metaphase and staining the scattered
chromosomes. In the example shown
schematically here, there are three
pairs of autosomes (chromosomes
inherited symmetrically from

both parents, regardless of sex) and
two sex chromosomes—an X from
the mother and a Y from the father.
The numbers and types of sex
chromosomes and their role in sex
determination are variable from one
class of organisms to another, as is
the number of pairs of autosomes.

autosomes

paternal 3

maternal 2
w
4

sex chromosomes

[

father
DIPLOID I

| MEIOSIS ]
¥ ¥

HAPLOID . lventwom

SEXUAL FUSION (FERTILIZATION) }

DIPLOID

maternal
chromos9!

~—

i
o & et paternd!
chrom0sar!

. only 0%
For simplicity, the cycle is shown for of

chromosome/chromosome pair:

genotype Ab

paternal chromosome

a

i@

genotype AB

ab

diploid germ cell

. etwee
The bigger the d(star;‘cee;a
two loci, the biggerfmbmed by
that they will be rec9 5 i

. at
S ' i crossing-over occurrlnge
RECOMBINATION site of crossing-over between them- if they gmeﬂ? ‘
recombined in X% of garated !
b genotype aB they are said to bé sep o maP
[C vz T : dioduo
a B a genetic map © rgaﬂ5)'
units (or x centimo h
o

haploid gametes (eggs or sperm)

1072 Panei 21-1 Review of classical genetics.
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-5 OF MUTATIONS

point mutation: maps to a single site in the genome,
corresponding to a single nucleotide pair or a very
small part of a single gene

inversion: inverts a segment of a chromosome

|etha! mutation: causes the developing organism to die
prema‘:urely.

conditional mutation: produces its phenotypic effect only
under certain conditions, called the restrictive conditions;
under other conditions—the permissive conditions—the
effect is not seen. For a temperature-sensitive mutation,
the restrictive condition typically is high temperature, while
the permissive condition is low temperature.
joss-c-function mutation: reduces or abolishes the activity
of the gene. These are the commonest class of mutations.
Loss-of-function mutations are usually recessive—the
organism can usually function normally so long as it retains
at least one normal copy of the affected gene.

null mutation: completely abolishes the activity of the gene.

translocation: breaks off a segment from one chromosome
and attaches it to another

gain-of-function mutation: increases the activity of the gene
or makes it active in inappropriate circumstances; these
mutations are usually dominant.

dominant negative mutation: dominant-acting mutation that
blocks gene activity, causing a loss-of-function phenotype
even in the presence of a normal copy of the gene. The
phenomenon occurs when the mutant gene product
interferes with the function of the normal gene product.
suppressor mutation: suppresses the phenotypic effect of
another mutation, so that the double mutant appears normal.
An intragenic suppressor mutation lies within the gene
affected by the first mutation; an extragenic suppressor
mutation lies in a second gene—often one whose product
interacts directly with the product of the first.

0 GENES OR ONE?

en two mutations that produce the same phenotype, how can
ell whether they are mutations in the same gene? If the
Hations are recessive (as they most often are), the answer can
ound by a complementation test.

COMPLEMENTATION:
MUTATIONS IN TWO DIFFERENT GENES

homozygous mutant mother

homozygous mutant father

hybrid offspring shows normal phenotype:
one normal copy of each gene is present

In the simplest type of complementation test, an individual who is
homozygous for one mutation is mated with an individual who is
homozygous for the other. The phenotype of the offspring gives the
answer to the question.

NONCOMPLEMENTATION:
TWO INDEPENDENT MUTATIONS IN THE SAME GENE

homozygous mutant mother

homozygous mutant father

hybrid offspring shows mutant phenotype:
no normal copies of the mutated gene are present
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carrier protein
Membrane transport protein that binds to a solute and
transports it across the membrane by undergoing a se-
ries of conformational changes.

cartilage
Form of connective tissue composed of cells (chond-
rocytes) embedded in a matrix rich in type II collagen
and chondroitin sulfate.

catabolism
General term for the enzyme-catalyzed reactions in a cell
by which complex molecules are degraded to simpler
ones with release of energy. Intermediates in these reac-
tions are sometimes called catabolites.

catalyst
Substance that accelerates a chemical reaction without
itself undergoing a change. Enzymes are protein cata-
lysts.

cdc gene (cell-division-cycle gene)
Gene that controls a specific step or set of steps in the
cell cycle. Originally identified in yeasts.

Cdk protein—see cyclin-dependent protein kinase
¢DNA—see complementary DNA

cell-adhesion molecule (CAM)
Protein on the surface of an animal cell that mediates
cell-cell binding.

cell body
Main part of a nerve cell that contains the nucleus. The
other parts are axons and dendrites.

cell cortex
Specialized layer of cytoplasm on the inner face of the
plasma membrane. In animal cells it is an actin-rich layer
responsible for cell-surface movements.

cell cycle
Reproductive cycle of the cell: the orderly sequence
of events by which the cell duplicates its contents and
divides into two.

cell division
Separation of a cell into two daughter cells. In eucaryotic
cells it entails division of the nucleus (mitosis) closely
followed by division of the cytoplasm (cytokinesis).

cell fusion
Process in which the plasma membranes of two cells
break down at the point of contact between them, allow-
ing the two cytoplasms to mingle.

cell junction
Specialized region of connection between two cells or
between a cell and the extracellular matrix.

cell line
Population of cells of plant or animal origin capable of
dividing indefinitely in culture.

cell locomotion (cell migration)
Active movement of a cell from one location to another,
particularly the migration of a cell over a surface.

cell-mediated immunity
Immune responses mediated by T lymphocytes.

cell plate
Flattened membrane-bounded structure that forms from
fusing vesicles in the cytoplasm of a dividing plant cell
and is the precursor of the new cell wall.

Glossary

cell wall
Mechanically strong extracellular matrix deposited by a
cell outside its plasma membrane. It is prominent in
most plants, bacteria, algae, and fungi. Not present in
most animal cells.

cellulose
Structural polysaccharide consisting of long chains of
covalently linked glucose units. It provides tensile
strength in plant cell walls.

central nervous system (CNS)
Main information-processing organ of the nervous sys-
tem. In vertebrates it consists of the brain and spinal
cord.

centriole
Short cylindrical array of microtubules, closely similar in
structure to a basal body. A pair of centrioles is usually
found at the center of a centrosome in animal cells.

centromere
Constricted region of a mitotic chromosome that holds
sister chromatids together; also the site on the DNA
where the kinetochore forms and then captures micro-
tubules from the mitotic spindle.

centrosome (cell center)
Centrally located organelle of animal cells that is the pri-
mary microtubule organizing center and acts as the
spindle pole during mitosis. In most animal cells it con-
tains a pair of centrioles.

chaperone (molecular chaperone)
Protein that helps other proteins avoid misfolding path-
ways that produce inactive or aggregated states.

checkpoint
Point in the eucaryotic cell-division cycle where progress
through the cycle can be halted until conditions are suit-
able for the cell to proceed to the next stage.

chelate
Combine reversibly, usually with high affinity, with a
metal ion such as iron, calcium, or magnesium.

chemiosmotic coupling
Mechanism in which a gradient of hydrogen ions (a pH
gradient) across a membrane is used to drive an energy-
requiring process, such as ATP production or the rotation
of bacterial flagella.

chemotaxis
Motile response of a cell or an organism that carries it
toward or away from a diffusible chemical.

Chlamydomonas
Unicellular green alga with two flagella.

chlorophyll
Light-absorbing pigment that plays a central part in pho-
tosynthesis.

chloroplast
Specialized organelle in green algae and plants that con-
tains chlorophyll and performs photosynthesis. It is a
specialized form of plastid.

cholesterol
Lipid molecule with a characteristic four-ringed steroid
structure that is an important component of the plasma
membranes of animal cells. (See Figure 10-8.)

chromaffin cell
Cell that stores adrenaline in secretory vesicles and se-
cretes it in times of stress when stimulated by the ner-
vous system.
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chromatid o
One copy of a chromosome formed by DNA replication

that is still joined at the centromere to the other copy.

chromatin
Complex of DNA, histones, and nonhistone proteins

found in the nucleus of a eucaryotic cell. The material of
which chromosomes are made.

chromatography
Biochemical technique in which a mixture of substances
is separated by charge, size, or some other property by
allowing it to partition between a moving phase and a
stationary phase.

chromosome
Structure composed of a very long DNA molecule and
associated proteins that carries part (or all) of the heredi-
tary information of an organism. Especially evident in
plant and animal cells undergoing mitosis or meiosis,
where each chromosome becomes condensed into a
compact, readily visible thread.

cilium (plural cilia)
Hairlike extension of a cell containing a core bundle of
microtubules and capable of performing repeated beat-
ing movements. Cilia are found in large numbers on the
surface of many eucaryotic cells, and they are responsible
for the swimming of many single-celled organisms.

cisterna (plural cisternae)
Flattened membrane-bounded compartment, as found
in the endoplasmic reticulum or Golgi apparatus.

citric acid cycle (TCA, or tricarboxylic acid cycle;
Krebs cycle)
Central metabolic pathway found in all aerobic organ-
isms. Oxidizes acetyl groups derived from food molecules
to CO, and H,0. Occurs in mitochondria in eucaryotic
cells.

clathrin
Protein that assembles into a polyhedral cage on the cy-
toplasmic side of a membrane so as to form a clathrin-
coated pit, which buds off to form a clathrin-coated
vesicle.

cleavage
(1) Physical splitting of a cell into two. (2) Specialized
type of cell division seen in many early embryos whereby
a large cell becomes subdivided into many smaller cells
without growth.

clone
Population of cells or organisms formed by repeated
(asexual) division from a common cell or organism. Also
used as a verb: “to clone a gene” means to produce many
copies of a gene by repeated cycles of replication.

cloning vector
Genetic element, usually a bacteriophage or plasmid,
that is used to carry a fragment of DNA into a recipient
cell for the purpose of gene cloning.

coated pit
Invagination of the plasma membrane associated with a
bristlelike layer of protein on its cytoplasmic surface.
Pinches off to form a coated vesicle in the process of
endocytosis.

coated vesicle
Small membrane-bounded organelle formed by the
pinching off of a coated region of membrane. Some coats
are made of clathrin, whereas others are made from
other proteins.

G—6  Glossary

codon
Sequence of three nucleotides in a DNA or messenger
RNA molecule that represents the instruction for incoy.
poration of a specific amino acid into a growing polypep.-
tide chain.

coenzyme
Small molecule tightly associated with an enzyme that
participates in the reaction that the enzyme catalyzes
often by forming a transient covalent bond to the sub.
strate. Examples include biotin, NAD*, and coenzyme A,

coenzyme A
Small molecule used in the enzymatic transfer of acyl

groups in the cell. (See also acetyl CoA and Figure 2-20,)

cofactor
Inorganic ion or coenzyme that is required for an
enzyme's activity.

coiled-coil
Especially stable rodlike protein structure formed by two
o helices coiled around each other.

collagen
Fibrous protein rich in glycine and proline that is a major
component of the extracellular matrix and connective
tissues. Exists in many forms: type I, the most common,
is found in skin, tendon, and bone; type II is found in
cartilage; type IV is present in basal laminae.

combinatorial
Describes any process that is governed by a specific com-
bination of factors (rather than by any single factor), with
different combinations having different effects.

complement
System of serum proteins activated by antibody-antigen
complexes or by microorganisms. Helps eliminate patho-
genic microorganisms by directly causing their lysis or by
promoting their phagocytosis.

complementary DNA (cDNA)
DNA molecule made as a copy of mRNA and therefore
lacking the introns that are present in genomic DNA.
Used to determine the amino acid sequence of a protein
by DNA sequencing or to make the protein in large quan-
tities by cloning followed by expression.

complementary nucleotide sequence
Two nucleic acid sequences are said to be complemen-
tary if they can form a perfect base-paired double helix
with each other.

complex
Assembly of molecules that are held together by
noncovalent bonds. Protein complexes perform most cell
functions.

conformation
Spatial location of the atoms of a molecule—for exampl,e'
the precise shape of a protein or other macromolecule I
three dimensions.

connective tissue d
Any supporting tissue that lies between other tissues att
consists of cells embedded in a relatively large amou?!
of extracellular matrix. Includes bone, cartilage, 2%
loose connective tissue.

connexon
Water-filled pore in the plasma membrane fo
ring of six protein subunits. Part of a gap
connexons from two adjoining cells join to for
tinuous channel between the two cells.
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free-energy change (AG)
Change in the free energy during a reaction: the free
energy of the product molecules minus the free energy
of the starting molecules. A large negative value of AG
indicates that the reaction has a strong tendency to oc-
cur. (See Panel 14-1, pp. 668-669.)

Gy phase
(G-“zero” phase) State of withdrawal from the eucaroytic
cell-division cycle by entry into a quiescent G, phase;
often seen in differentiated cells.

G; phase
Gap 1 phase of the eucaryotic cell-division cycle,
between the end of cytokinesis and the start of DNA
synthesis.

G, phase
Gap 2 phase of the eucaryotic cell-division cycle,
between the end of DNA synthesis and the beginning
of mitosis.

G protein
One of a large family of heterotrimeric GTP-binding pro-
teins that are important intermediaries in cell-signaling
pathways. Usually activated by the binding of a hormone
or other signaling ligand to a seven-pass transmembrane
receptor protein.

GAG (glycosaminoglycan)
Long, linear, highly charged polysaccharide composed of
a repeating pair of sugars, one of which is always an
amino sugar. Mainly found covalently linked to a protein
core in extracellular matrix proteoglycans. Examples in-
clude chondroitin sulfate, hyaluronic acid, and heparin.

gamete
Specialized haploid cell, either a sperm or an egg, serv-
ing for sexual reproduction.

ganglion (plural ganglia)
Cluster of nerve cells and associated glial cells located
outside the central nervous system.

ganglioside
Any glycolipid having one or more sialic acid residues in
its structure. Found in the plasma membrane of eucary-
otic cells and especially abundant in nerve cells.

gap junction
Communicating cell-cell junction that allows ions and
small molecules to pass from the cytoplasm of one cell
to the cytoplasm of the next.

gastrula
Animal embryo at an early stage of development where
cells are invaginating to form the rudiment of a gut cav-
ity. (From Greek gaster, belly.)

gene
Region of DNA that controls a discrete hereditary char-
acteristic, usually corresponding to a single protein or
RNA. This definition includes the entire functional unit,
encompassing coding DNA sequences, noncoding regu-
latory DNA sequences, and introns.

gene regulatory protein
General name for any protein that binds to a specific
DNA sequence to alter the expression of a gene.

general transcription factor
Any of the proteins whose assembly around the TATA
box is required for the initiation of transcription of most
eucaryotic genes.

G-10  Glossary

genetic code
Set of rules specifying the correspondence between
nucleotide triplets (codons) in DNA or RNA and aming
acids in proteins.

genome
The totality of genetic information belonging to a cell or
an organism; the DNA that carries this information.

genomic DNA
DNA constituting the genome of a cell or an organism.
Often used in contrast with cDNA (DNA prepared by re-
verse transcription from messenger RNA).

genotype
Genetic constitution of an individual cell or organism.

germ cells
Precursor cells that give rise to gametes.

germ line
The lineage of germ cells (which contribute to the forma-
tion of a new generation of organisms), as distinct from
somatic cells (which form the body and leave no descen-
dants).

giga-
Prefix denoting 10°. (From Greek gigas, giant.)

glial cells
Supporting cells of the nervous system, including oligo-
dendrocytes and astrocytes in the vertebrate central ner-
vous system and Schwann cells in the peripheral nervous
system.

globular protein
Any protein with an approximately rounded shape; con-
trasts with highly elongated, fibrous proteins such as
collagen.

glucose
Six-carbon sugar that plays a major role in the metabo-
lism of living cells. Stored in polymeric form as glycogen
in animal cells and as starch in plant cells. (See Panel 2—-
3, pp. 52-53.)

glutaraldehyde
Small reactive molecule with two aldehyde groups that
is often used as a cross-linking fixative.

glycerol
Small organic molecule
that is the parent compound of
many small molecules in the cell,
including phospholipids.

glycocalyx (cell coat)
Carbohydrate-rich layer that forms the outer coat of @
eucaryotic cell. Composed of the oligosaccharides linked
to intrinsic plasma membrane glycoproteins and gly-
colipids, as well as glycoproteins and proteoglycans that
have been secreted and reabsorbed onto the cell surface:

glycogen
Polysaccharide composed exclusively of glucose U
used to store energy in animal cells. Large granuleS (lje
glycogen are especially abundant in liver and musc
cells.

nits

glycolipid
Membrane lipid molecule with a short carbohy
chain attached to a hydrophobic tail.

draté

glycolysis
Ubiquitous metabolic pathway in the cytos
sugars are incompletely degraded with pro
ATP. (Literally, “sugar splitting.”)
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noncovalent bond
Chemical bond in which, in contrast to a covalent bond,
no electrons are shared. Noncovalent bonds are relatively
weak, but they can sum together to produce strong,
highly specific interactions between molecules.

nonpolar molecule (apolar molecule)
Molecule lacking any asymmetric accumulation of posi-
tive or negative charge; such molecules are generally in-
soluble in water.

Northern blotting
Technique in which RNA fragments separated by electro-
phoresis are immobilized on a paper sheet; a specific
molecule is then detected with a labeled nucleic acid
probe.

nuclear envelope
Double membrane surrounding the nucleus. Consists of
outer and inner membranes perforated by nuclear pores.

nuclear lamina
Fibrous layer on the inner surface of the inner nuclear
membrane made up of a network of intermediate fila-
ments formed from nuclear lamins.

nuclear magnetic resonance—see NMR

nuclear pore
Channel through the nuclear envelope that allows se-
lected molecules to move between the nucleus and cy-
toplasm.

nucleation
Critical stage in the process of the assembly of a polymer
at which a small cluster of monomers aggregates in the
correct arrangement to initiate rapid polymerization;
more generally, the rate-limiting step in an assembly
process.

nucleic acid
RNA or DNA; consists of a chain of nucleotides joined
together by phosphodiester bonds.

nucleolar organizer
Region of a chromosome containing a cluster of riboso-
mal RNA genes that gives rise to a nucleolus.

nucleolus
Structure in the nucleus where ribosomal RNA is tran-
scribed and ribosomal subunits are assembled.

nucleoside
Compound composed of a purine or pyrimidine base
linked to either a ribose or a deoxyribose sugar. (See
Panel 2-6, pp. 58-59.)

nucleosome
Structural, beadlike unit of a eucaryotic chromosome
composed of a short length of DNA wrapped around a
core of histone proteins; the fundamental subunit of
chromatin.

nucleotide
Nucleoside with one or more phosphate groups joined in
ester linkages to the sugar moiety. DNA and RNA are
polymers of nucleotides.

nucleus
Prominent membrane-bounded organelle in a eucaryotic
cell, containing DNA organized into chromosomes.

nurse cell
Cell that is connected by cytoplasmic bridges to an co-
cyte and thereby provides macromolecules to the grow-
ing oocyte.

Glossary

Okazaki fragments
Short lengths of DNA produced on the lagging strand
during DNA replication, discovered by R. Okazaki. They
are rapidly joined by DNA ligase to form a continuous
DNA strand.

oligodendrocyte

Type of glial cell in the vertebrate central nervous system
that forms a myelin sheath around axons.

oligomer
Short polymer, usually consisting (in a cell) of amino
acids (oligopeptides), sugars (oligosaccharides), or nucle-
otides (oligonucleotides). (From Greek oligos, few, little.)

oncogene
One of a large number of genes that can help make a cell
cancerous. Typically, a mutant form of a normal gene
(proto-oncogene) involved in the control of cell growth
or division.

oocyte
Developing egg; usually a large and immobile cell.

oogenesis
Formation and maturation of oocytes in the ovary.

operator
Short region of DNA in a bacterial chromosome that con-
trols the transcription of an adjacent gene.

operon
In a bacterial chromosome, a group of contiguous genes
that are transcribed into a single mRNA molecule.

Organizer—see Spemann’s Organizer

osmium tetroxide
Inorganic compound (OsOy, used as a fixative for electron
microscopy.

0smosis
Net movement of water molecules across a semiperme-
able membrane driven by a difference in concentration
of solute on either side. The membrane must be perme-
able to water but not to the solute molecules.

osmotic pressure
Pressure that must be exerted on the high solute concen-
tration side of a semipermeable membrane to prevent
the flow of water across the membrane due to osmosis.

oxidation (verb oxidize)
Loss of electron density from an atom, as occurs during
the addition of oxygen to a molecule or when a hydrogen
is removed. Opposite of reduction. (See Figure 2-14.)

oxidative phosphorylation
Process in bacteria and mitochondria in which ATP for-
mation is driven by the transfer of electrons from food
molecules to molecular oxygen. Involves the intermedi-
ate generation of a pH gradient across a membrane and
chemiosmotic coupling.

palindromic sequence
Nucleotide sequence that is identical to its complemen-
tary strand when each is read
in the same chemical direction
—for example, GATC.

patch-clamp recording
Electrophysiological technique in which a tiny electrode
tip is sealed onto a patch of cell membrane, thereby
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