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Despite obvious differences in lifestyle and macroscopic appearance, or-
ganisms exhibit striking similarity at the molecular level. The structures and
metabolic activities of all cells rely on a common set of molecules that in-
cludes amino acids, carbohydrates, lipids, and nucleotides, as well as their
polymeric forms. Each type of compound can be described in terms of its
chemical makeup, its interactions with other molecules, and its physiologi-
cal function. We begin our survey of biomolecules with a discussion of the
nucleotides and their polymers, the nucleic acids.

Nucleotides are involved in nearly every facet of cellular life. Specifi-
cally, they participate in oxidation—reduction reactions, energy transfer, in-
tracellular signaling, and biosynthetic reactions. Their polymers, the nucleic
acids DNA and RNA, are the primary players in the storage and decoding
of genetic information. Nucleotides and nucleic acids also perform struc-
tural and catalytic roles in cells. No other class of molecules participates in
such varied functions or so many functions that are essential for life.

Evolutionists postulate that the appearance of nucleotides permitted the
evolution of organisms that could harvest and store energy from their
surroundings and, most importantly, could make copies of themselves. Al-
though the chemical and biological details of early life-forms are the subject
of speculation, it is incontrovertible that life as we know it is inextricably
linked to the chemistry of nucleotides and nucleic acids.

In this chapter, we briefly examine the structures of nucleotides and the
nucleic acids DNA and RNA. We also consider how the chemistry of these
molecules allows them to carry biological information in the form of a se-
quence of nucleotides. This information is expressed by the transcription of
a segment of DNA to yield RNA, which is then translated to form protein.
Because a cell’s structure and function ultimately depend on its genetic
makeup, we discuss how genomic DNA sequences provide information
about evolution, metabolism, and disease. Finally, we consider some of the
techniques used in manipulating DNA in the laboratory. In later chapters,
we examine in greater detail the participation of nucleotides and nucleic
acids in metabolism and the storage and expression of genetic information.

1] Nucleotides

Nucleotides are ubiquitous molecules with considerable structural di-
versity. There are eight common varieties of nucleotides, each composed of
a nitrogenous base linked to a sugar to which at least one phosphate group
is also attached. The bases of nucleotides are planar, aromatic, heterocyclic
molecules that are structural derivatives of either purine or pyrimidine (al-
though they are not synthesized in vivo from either of these organic com-
pounds).
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The most common purines are adenine (A) and guanine (G), and the major
pyrimidines are cytosine (C), uracil (U), and thymine (T). The purines form

o



0003D_ch03 _40-75 11/15/04 11:32 AM Page 42 yesmacl ymacl:3 %CM:

42 Chapter 3 Nucleotides, Nucleic Acids, and Genetic Information

Tahle 3-1 Names and Abbreviations of Nucleic Acid Bases, Nucleosides, and Nucleotides

Base Base Nucleoside Nucleotide®
Formula (X =H) (X = ribose?) (X = ribose phosphate®)
NH,
NZ N Adenine Adenosine Adenylic acid
k | \> Ade Ado Adenosine monophosphate
SN N A A AMP
X
O
H\N N\ Guanine Guanosine Guanylic acid
)\ | > Gua Guo Guanosine monophosphate
H,N~ N If G G GMP
X
NH,
NZ Cytosine Cytidine Cytidylic acid
)\ | Cyt Cyd Cytidine monophosphate
O ITI C C CMP
X
(@)
H\N Uracil Uridine Uridylic acid
)\ | Ura Urd Uridine monophosphate
O ITI U U UMP
X
O
H\N CHs Thymine Deoxythymidine Deoxythymidylic acid
)\ | Thy dThd Deoxythymidine monophosphate
0) ITI T dT dTMP
dXx

“The presence of a 2'-deoxyribose unit in place of ribose, as occurs in DNA, is implied by the prefixes “deoxy” or “d.” For example, the deoxy-
nucleoside of adenine is deoxyadenosine or dA. However, for thymine-containing residues, which rarely occur in RNA, the prefix is redundant and
may be dropped. The presence of a ribose unit may be explicitly implied by the prefix “ribo.”

PThe position of the phosphate group in a nucleotide may be explicitly specified as in, for example, 3’-AMP and 5'-GMP.

bonds to a five-carbon sugar (a pentose) via their N9 atoms, whereas pyrim-
idines do so through their N1 atoms (Table 3-1).

In ribonucleotides, the pentose is ribose, while in deoxyribonucleotides
(or just deoxynucleotides), the sugar is 2'-deoxyribose (i.e., the carbon at
position 2’ lacks a hydroxyl group).

HO—CﬁHZ 0. OH

CH2
H 3" 2 H

OH OH OH H
Ribose Deoxyribose

Note that the “primed” numbers refer to the atoms of the pentose;
“unprimed” numbers refer to the atoms of the nitrogenous base.

In a ribonucleotide or a deoxyribonucleotide, one or more phosphate
groups is bonded to atom C3’ or atom C5’ of the pentose to form a 3'-
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(a) ®)
5’ Base 5’ Base
“20,PO0—CH, O HO—CH, O
1 \eezy” H 1 \ewzy” H
OH OH 20,0 H
5'-Ribonucleotide 3’-Deoxynucleotide

Figure 3-1 Chemical structures of nucleotides. (a) A 5'-ribonucleotide and (b) a
3'-deoxynucleotide. The purine or pyrimidine base is linked to C1’ of the pentose and at least
one phosphate (red) is also attached. A nucleoside consists only of a base and a pentose.

nucleotide or a 5'-nucleotide, respectively (Fig. 3-1). When the phosphate
group is absent, the compound is known as a nucleoside. A 5'-nucleotide
can therefore be called a nucleoside-5'-phosphate. Nucleotides most com-
monly contain one to three phosphate groups at the C5’ position and are
called nucleoside monophosphates, diphosphates, and triphosphates.

The structures, names, and abbreviations of the common bases, nucleo-
sides, and nucleotides are given in Table 3-1. Ribonucleotides are found in
RNA (ribonucleic acid), whereas deoxynucleotides are found in DNA
(deoxyribonucleic acid). Adenine, guanine, and cytosine are found as both
ribonucleotides and deoxynucleotides (accounting for six of the eight
common nucleotides), but uracil is found primarily as a ribonucleotide
and thymine as a deoxynucleotide. Free nucleotides, which are anionic,
are usually associated with the counterion Mg>* in cells.

ATP and Nucleotide Derivatives. The bulk of the nucleotides in any cell are
found in polymeric forms, as either DNA or RNA, whose primary func-
tions are information storage and transfer. However, free nucleotides and
nucleotide derivatives perform an enormous variety of metabolic functions
not related to the management of genetic information.

Perhaps the best known nucleotide is adenosine triphosphate (ATP), a
nucleotide containing adenine, ribose, and a triphosphate group. ATP is of-
ten mistakenly referred to as an energy-storage molecule, but it is more ac-
curately termed an energy carrier or energy transfer agent. The process of
photosynthesis or the breakdown of metabolic fuels such as carbohydrates
and fatty acids leads to the formation of ATP from adenosine diphosphate

(ADP):
Adenosine
e " )
NH, NH,
74 -~
N N N N
g L)
NS N k\ N
(0] (0) (0) (0} O
i i N = [ i i N
HPO7™ + HO_IT_O_Il)_O_CHz o _O*P"—O—ll)—O—ll)—O—CHz 0 + H,0
(O (O H H o~ (O (O H H
H H H H
OH OH ) OH OH
Adenosine diphosphate (ADP) Adenosine triphosphate (ATP)

ATP diffuses throughout the cell to provide energy for other cellular work,
such as biosynthetic reactions, ion transport, and cell movement. The chem-
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ical potential energy of ATP is made available when it transfers one (or
two) of its phosphate groups to another molecule. This process can be rep-
resented by the reverse of the preceding reaction, namely, the hydrolysis of
ATP to ADP. (As we shall see in later chapters, the interconversion of ATP
and ADP in the cell is not freely reversible, and free phosphate groups are
seldom released directly from ATP.) The degree to which ATP participates
in routine cellular activities is illustrated by calculations indicating that
while the concentration of cellular ATP is relatively moderate (~5 mM),
the average human recycles his or her own weight of ATP each day.

Nucleotide derivatives participate in a wide variety of metabolic pro-
cesses. For example, starch synthesis in plants proceeds by repeated addi-
tions of glucose units donated by ADP-glucose (Fig. 3-2). Other nucleotide
derivatives, as we shall see in later chapters, carry groups that undergo
oxidation—-reduction reactions. The attached group, which may be a small
molecule such as glucose (Fig. 3-2) or even another nucleotide, is typically
linked to the nucleotide through a mono- or diphosphate group.

A\ Introduction to Nucleic Acid Structure

Nucleotides can be joined to each other to form the polymers that
are familiar to us as RNA and DNA. The nucleic acids are chains of nu-
cleotides whose phosphates bridge the 3’ and 5’ positions of neighboring
ribose units (Fig. 3-3). The phosphates of these polynucleotides are acidic,
so at physiological pH, nucleic acids are polyanions.

The linkage between individual nucleotides is known as a phosphodiester
bond, so named because the phosphate is esterified to two ribose units.
Each nucleotide that has been incorporated into the polynucleotide is
known as a nucleotide residue. The terminal residue whose C5' is not linked
to another nucleotide is called the 5’ end, and the terminal residue whose
C3' is not linked to another nucleotide is called the 3’ end. By convention,
the sequence of nucleotide residues in a nucleic acid is written, left to right,
from the 5’ end to the 3’ end.

The properties of a polymer such as a nucleic acid may be very differ-
ent from the properties of the individual units, or monomers, before poly-
merization. As the size of the polymer increases from dimer, trimer,
tetramer, and so on through oligomer (Greek: oligo, few), physical proper-
ties such as charge and solubility may change. In addition, a polymer of

Glucose ADP
r A N A \
NH,
CH,OH N N\
H 0 H k\ | >
H 0 0 N N
OH H | I
HO 0—P—0—P—0—CHy o
H OH (O o~ H H
H H
HO OH

Figure 3-2 ADP-glucose. In this nucleotide derivative, glucose (blug) is attached to adenosine
(black) by a diphosphate group (red).
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(@) (b)

2'— OH 2'— OH 2'— OH 2'— OH

5’ 5’ 5’ 5’

Figure 3-3 Key to Structure. Chemical structure of a nucleic acid.
(a) The tetraribonucleotide adenylyl-3’,5"-uridylyl-3",5"-cytidylyl-3",5"-
guanylate is shown. The sugar atoms are primed to distinguish them
from the atoms of the bases. By convention, a polynucleotide sequence is
written with the 5’ end at the left and the 3’ end at the right. Thus,
reading left to right, the phosphodiester bond links neighboring ribose
residues in the 5 — 3’ direction. The sequence shown here can be
abbreviated pApUpCpG or just pAUCG (the “p” to the left of a nucleoside
symbol indicates a 5" phosphoryl group). The corresponding
deoxytetranucleotide, in which the 2’-0OH groups are replaced by H and
the uracil (U) is replaced by thymine (T), is abbreviated d(pApTpCpG) or
d(pATCG). (b) Schematic representation of pAUCG. A vertical line denotes
a ribose residue, the attached base is indicated by a single letter, and a
diagonal line flanking an optional “p” represents a phosphodiester bond.
The atom numbers for the ribose residue may be omitted. The equivalent
representation of d(pATCG) differs only by the absence of the 2’-OH

group and the replacement of U by T.

nonidentical residues has a property that its component monomers do not
have—namely, it contains information in the form of its sequence of residues.

A The Base Composition of DNA

Although there appear to be no rules governing the nucleotide composi-
tion of typical RNA molecules, DNA has equal numbers of adenine and
thymine residues (A = T) and equal numbers of guanine and cytosine
residues (G = C). These relationships, known as Chargaff’s rules, were dis-
covered in the late 1940s by Erwin Chargaff, who devised the first reliable
quantitative methods for the compositional analysis of DNA.

DNA'’s base composition varies widely among different organisms. It
ranges from ~25 to 75 mol % G + C in different species of bacteria. How-
ever, it is more or less constant among related species; for example, in
mammals G + C ranges from 39 to 46%. The significance of Chargaff’s
rules was not immediately appreciated, but we now know that the structural
basis for the rules derives from DNA'’s double-stranded nature.
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Figure 3-8 Complementary strands of DNA. Two
polynucleotide chains associate by base pairing to form
double-stranded DNA. A pairs with T, and G pairs with C by
forming specific hydrogen bonds. &2 See Kinemage
Exercise 2-2.

3.

The bases occupy the core of the helix and sugar—phosphate chains
run along the periphery, thereby minimizing the repulsions between
charged phosphate groups. The surface of the double helix contains
two grooves of unequal width: the major and minor grooves.

Each base is hydrogen bonded to a base in the opposite strand to
form a planar base pair. The Watson—Crick structure can accommo-
date only two types of base pairs. Each adenine residue must pair
with a thymine residue and vice versa, and each guanine residue must
pair with a cytosine residue and vice versa (Fig. 3-8). These hydrogen-
bonding interactions, a phenomenon known as complementary base
pairing, result in the specific association of the two chains of the
double helix.

The Watson—Crick structure can accommodate any sequence of bases

on o

Sugar—-phosphate

ne polynucleotide strand if the opposite strand has the complementary

Complementary
base pairing

Sugar—-phosphate

backbone backbone

Deoxyribose

p — Phosphate
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base sequence. This immediately accounts for Chargaff’s rules. More im-
portantly, it suggests that each DNA strand can act as a template for the
synthesis of its complementary strand and hence that hereditary information
is encoded in the sequence of bases on either strand.

Most DNA molecules are extremely large, in keeping with their role as
the repository of a cell’s genetic information. Of course, an organism’s
genome, its unique DNA content, may be allocated among several chro-
mosomes (Greek: chromos, color + soma, body), each of which contains a
separate DNA molecule. Note that many organisms are diploid; that is, they
contain two equivalent sets of chromosomes, one from each parent. Their
content of unique (haploid) DNA is half their total DNA. For example, hu-
mans are diploid organisms that carry 46 chromosomes per cell; the haploid
number is therefore 23.

Because of their great lengths, DNA molecules are described in terms
of the number of base pairs (bp) or thousands of base pairs (kilobase pairs,
or kb). Naturally occurring DNAs vary in length from ~5 kb in small DNA-
containing viruses to well over 250,000 kb in the largest mammalian chro-
mosomes. Although DNA molecules are long and relatively stiff, they are
not completely rigid. We shall see later that the DNA double helix forms
coils and loops when it is packaged inside the cell. Furthermore, depend-
ing on the nucleotide sequence, DNA may adopt slightly different helical
conformations. Finally, in the presence of other cellular components, the
DNA may bend sharply or the two strands may partially unwind. (We con-
sider the structure of DNA in greater detail in Chapter 23.)

C Single-Stranded Nucleic Acids

Single-stranded DNA is rare, occurring mainly as the hereditary material
of certain viruses. In contrast, RNA occurs primarily as single strands, which
usually form compact structures rather than loose extended chains (double-
stranded RNA is the hereditary material of certain viruses). An RNA
strand—which is identical to a DNA strand except for the presence of
2'-OH groups and the substitution of uracil for thymine—can base-pair
with a complementary strand of RNA or DNA. As expected, A pairs with
U (or T in DNA), and G with C. Base pairing often occurs intramolecu-
larly, giving rise to stem-loop structures (Fig. 3-9) or, when loops interact
with each other, to more complex structures.

The intricate structures that can potentially be adopted by single-
stranded RNA molecules provide additional evidence that RNA can do
more than just store and transmit genetic information. Numerous investi-
gations have found that certain RNA molecules can specifically bind small
organic molecules and can catalyze reactions involving those molecules.
These findings provide substantial support for theories that many of the
processes essential for life began through the chemical versatility of small
polynucleotides (a situation known as the RNA world). We will further ex-
plore RNA structure and function in Section 23-2E.

3] Overview of Nucleic Acid Function

DNA is the carrier of genetic information in all cells and in many
viruses. Yet a period of over 75 years passed from the time the laws of in-
heritance were discovered by Gregor Mendel until the biological role of
DNA was elucidated. Even now, many details of how genetic information
is expressed and transmitted to future generations are still unclear.

o

W

Figure 3-9 Formation of a stem—Iloop structure. Base
pairing between complementary sequences within an RNA
strand allows the polynucleotide to fold back on itself.
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B Genes Direct Protein Synthesis

The question of how sequences of nucleotides control the characteristics
of organisms took some time to be answered. In experiments with the mold
Neurospora crassa in the 1940s, George Beadle and Edward Tatum found
that there is a specific connection between genes and enzymes, the one
gene—one enzyme theory. Beadle and Tatum showed that mutant varieties
of Neurospora that were generated by irradiation with X-rays required
additional nutrients in order to grow. Presumably, the offspring of the
radiation-damaged cells lacked the specific enzymes necessary to synthe-
size those nutrients.

The link between DNA and enzymes (nearly all of which are proteins)
is RNA. The DNA of a gene is transcribed to produce an RNA molecule
that is complementary to the DNA. The RNA sequence is then translated
into the corresponding sequence of amino acids to form a protein (Fig. 3-12).
These transfers of biological information are summarized in the so-called
central dogma of molecular biology formulated by Crick in 1958 (Fig. 3-13).

Just as the daughter strands of DNA are synthesized from free de-
oxynucleoside triphosphates that pair with bases in the parent DNA strand,
RNA strands are synthesized from free ribonucleoside triphosphates that
pair with the complementary bases in one DNA strand of a gene (tran-
scription is described in greater detail in Chapter 25). The RNA that cor-
responds to a protein-coding gene (called messenger RNA, or mRNA)
makes its way to a ribosome, an organelle that is itself composed largely
of RNA (ribosomal RNA, or rRNA). At the ribosome, each set of three
nucleotides in the mRNA pairs with three complementary nucleotides in a
small RNA molecule—a transfer RNA, or tRNA (Fig. 3-14). Attached to
each tRNA molecule is its corresponding amino acid. The ribosome cat-
alyzes the joining of amino acids, which are the monomeric units of pro-
teins (protein synthesis is described in detail in Chapter 26). Amino acids

replication

Figure 3-13 The central dogma of molecular biology. Solid arrows indicate
the types of information transfers that occur in all cells: DNA directs its own
replication to produce new DNA molecules; DNA is transcribed into RNA; RNA is
translated into protein. The dashed lines represent information transfers that occur

DNA 5 — A-G-A-G-G-T-G-C-T— 3’
3'— T-C-T-C-C-A-C-G-A—Y5’

'

mRNA  5'— A-G-A-G-G-U-G-C-U—3’

tRNAs 3’ U-C-U C-C-A C-G-A 5%’
| , |1 , |1 , |
Arginine Glycine Alanine

Protein —Arginine—Glycine—Alanine—

Figure 3-12 Transcription and translation. One strand
of DNA directs the synthesis of messenger RNA (mRNA).
The base sequence of the transcribed RNA is
complementary to that of the DNA strand. The message is
translated when transfer RNA (tRNA) molecules align with
the mRNA by complementary base pairing between three-
nucleotide segments known as codons. Each tRNA carries
a specific amino acid. These amino acids are covalently
joined to form a protein. Thus, the sequence of bases in
DNA specifies the sequence of amino acids in a protein.

See Guided Exploration 1

Overview of transcription and translation.

translation

only in certain organisms.

Growing protein chain NH}

NH;

Amino acid
residue

Transfer
RNA

2 I I
Messenger RNA

Ribosome

direction of ribosome
movement on mRNA

protein

Figure 3-14 Translation. tRNA molecules with their
attached amino acids bind to complementary three-
nucleotide sequences (codons) on mRNA. The ribosome
facilitates the alignment of the tRNA and the mRNA and
catalyzes the joining of amino acids to produce a protein
chain. When a new amino acid is added, the preceding
tRNA is ejected, and the ribosome proceeds along the
mRNA.
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GCACUUGA
snake venom
phosphodiesterase

GCACUUGA
GCACUUG
GCACUU

GCACU

GCAC

GCA

GC + Mononucleotides

Figure 3-15 Determining the sequence of an
oligonucleotide using nonspecific enzymes. The
oligonucleotide is partially digested with snake venom
phosphodiesterase, which breaks the phosphodiester bonds
between nucleotide residues, starting at the 3’ end of the
oligonucleotide. The result is a mixture of fragments of all
lengths, which are then separated. Comparing the base
composition of a pair of fragments that differ in length by
one nucleotide establishes the identity of the 3'-terminal
nucleotide in the larger fragment. Analysis of each pair of
fragments reveals the sequence of the original
oligonucleotide.

are added to the growing protein chain according to the order in which the
tRNA molecules bind to the mRNA. Since the nucleotide sequence of the
mRNA in turn reflects the sequences of nucleotides in the gene, DNA di-
rects the synthesis of proteins. It follows that alterations to the genetic ma-
terial of an organism (mutations) may manifest themselves as proteins with
altered structures and functions.

] Nucleic Acid Sequencing

Much of our current understanding of protein structure and function
rests squarely on information gleaned not from the proteins themselves,
but indirectly from their genes. The ability to determine the sequence of nu-
cleotides in nucleic acids has made it possible to deduce the amino acid se-
quences of their encoded proteins and, to some extent, the structures and
functions of those proteins. Nucleic acid sequencing has also revealed infor-
mation about the regulation of genes. Portions of genes that are not actu-
ally transcribed into RNA nevertheless may influence how often a gene is
transcribed and translated, that is, expressed. Moreover, efforts to elucidate
the sequences in hitherto unmapped regions of DNA have led to the dis-
covery of new genes and new regulatory elements. Once in hand, a nucleic
acid sequence can be duplicated, modified, and expressed, making it possi-
ble to study proteins that could not otherwise be obtained in useful quanti-
ties. In this section, we describe how nucleic acids are sequenced and what
information the sequences may reveal. In the following section, we discuss
the manipulation of purified nucleic acid sequences for various purposes.

The overall strategy for sequencing any polymer of nonidentical units is

1. Cleave the polymer into specific fragments that are small enough to
be fully sequenced.

2. Determine the sequence of residues in each fragment.

3. Determine the order of the fragments in the original polymer by re-
peating the preceding steps using a degradation procedure that yields
a set of fragments that overlap the cleavage points in the first step.

The first efforts to sequence RNA used nonspecific enzymes to generate
relatively small fragments whose nucleotide composition was then deter-
mined by partial digestion with an enzyme that selectively removed nu-
cleotides from one end or the other (Fig. 3-15). Sequencing RNA in this
manner was tedious and time-consuming. Using such methods, it took
Robert Holley seven years to determine the sequence of a 76-residue tRNA
molecule.

After 1975, dramatic progress was made in nucleic acid sequencing tech-
nology. The advances were made possible by the discovery of enzymes that
could cleave DNA at specific sites and by the development of rapid se-
quencing techniques for DNA. The advent of modern molecular cloning
techniques (Section 3-5) also made it possible to produce sufficient quan-
tities of specific DNA to be sequenced. These cloning techniques are nec-
essary because most specific DNA sequences are normally present in a
genome in only a single copy.

A Restriction Endonucleases

Many bacteria are able to resist infection by bacteriophages (viruses that
are specific for bacteria) by virtue of a restriction-modification system. The
bacterium modifies certain nucleotides in specific sequences of its own

o
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DNA by adding a methyl (—CH3) group in a reaction catalyzed by a mod-
ification methylase. A restriction endonuclease, which recognizes the same
nucleotide sequence as does the methylase, cleaves any DNA that has not
been modified on at least one of its two strands. (An endonuclease cleaves
a nucleic acid within the polynucleotide strand; an exonuclease cleaves a
nucleic acid by removing one of its terminal residues.) This system destroys
foreign (phage) DNA containing a recognition site that has not been mod-
ified by methylation. The host DNA is always at least half methylated, be-
cause although the daughter strand is not methylated until shortly after it
is synthesized, the parental strand to which it is paired is already modified
(and thus protects both strands of the DNA from cleavage by the restric-
tion enzyme).

Type II restriction endonucleases are particularly useful in the labora-
tory. These enzymes cleave DNA within the four- to eight-base sequence
that is recognized by their corresponding modification methylase. (Type 1
and Type III restriction endonucleases cleave DNA at sites other than their
recognition sequences.) Over 3000 Type II restriction enzymes with over
200 different recognition sequences have been characterized. Some of the
more widely used restriction enzymes are listed in Table 3-2. A restriction
enzyme is named by the first letter of the genus and the first two letters of
the species of the bacterium that produced it, followed by its serotype or
strain designation, if any, and a roman numeral if the bacterium contains
more than one type of restriction enzyme. For example, EcoRI is produced
by E. coli strain RY13.

Interestingly, most Type II restriction endonucleases recognize and
cleave palindromic DNA sequences. A palindrome is a word or phrase that
reads the same forward or backward. Two examples are “refer” and
“Madam, I'm Adam.” In a palindromic DNA segment, the sequence of nu-

Tahle 3-2 Recognition and Cleavage Sites of Some Restriction Enzymes

Recognition
Enzyme Sequence” Microorganism
Alul AG|CT Arthrobacter luteus
BamHI G|GATCC Bacillus amyloliquefaciens H
Bgll GCCNNNNN|NGGC Bacillus globigii
Bglll A|GATCT Bacillus globigii
EcoRI G|AATTC Escherichia coli RY13
EcoRII 1CC(HGG Escherichia coli R245
EcoRV GAT|ATC Escherichia coli J62 pLG74
Haell RGCGC|Y Haemophilus aegyptius
Haelll GGJ|CC Haemophilus aegyptius
HindIII A|AGCTIT Haemophilus influenzae Ry
Hpall C|CGG Haemophilus parainfluenzae
Mspl C|CGG Moraxella species
Pstl CTGCA|G Providencia stuartii 164
Pvull CAG|CTG Proteus vulgaris
Sall G|TCGAC Streptomyces albus G
Tagl T|CGA Thermus aquaticus
Xhol C|TCGAG Xanthomonas holcicola

“The recognition sequence is abbreviated so that only one strand, reading 5’ to 3', is given.
The cleavage site is represented by an arrow (). R, Y, and N represent a purine nucleotide,
a pyrimidine nucleotide, and any nucleotide, respectively.

Source: Roberts, R.J. and Macelis, D., REBASE—the restriction enzyme database,
http://rebase.neb.com.
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See Guided Exploration 2

DNA sequence determination by the chain-

terminator method.

C The Chain-Terminator Method of DNA Sequencing

Here we discuss the most commonly used procedure for sequencing DNA,
the chain-terminator method, which was devised by Frederick Sanger. The
first step in this procedure is to obtain single polynucleotide strands.
Complementary DNA strands can be separated by heating, which breaks
the hydrogen bonds between bases. Next, polynucleotide fragments that
terminate at positions corresponding to each of the four nucleotides are
generated. Finally, the fragments are separated and detected.

The Chain-Terminator Method Uses DNA Polymerase. The chain-terminator
method (also called the dideoxy method) uses an E. coli enzyme to make
complementary copies of the single-stranded DNA being sequenced. The
enzyme is a fragment of DNA polymerase I, one of the enzymes that par-
ticipates in replication of bacterial DNA (Section 24-2A). Using the sin-
gle DNA strand as a template, DNA polymerase I assembles the four
deoxynucleoside triphosphates (dNTPs), dATP, dCTP, dGTP, and dTTP,
into a complementary polynucleotide chain that it elongates in the 5’ — 3’
direction (Fig. 3-20).

DNA polymerase I can sequentially add deoxynucleotides only to the
3" end of a polynucleotide. Hence, replication is initiated in the presence
of a short polynucleotide (a primer) that is complementary to the 3’ end
of the template DNA and thus becomes the 5’ end of the new strand. The
primer base-pairs with the template strand, and nucleotides are sequen-
tially added to the 3’ end of the primer. If the DNA being sequenced is a
restriction fragment, as it usually is, it begins and ends with a restriction
site. The primer can therefore be a short DNA segment with the sequence
of this restriction site.

DNA Synthesis Terminates after Specific Bases. In the chain-terminator tech-
nique (Fig. 3-21), the DNA to be sequenced is incubated with DNA poly-
merase I, a suitable primer, and the four ANTP substrates (reactants in en-
zymatic reactions) for the polymerization reaction. The reaction mixture
also includes a “tagged” compound, either one of the dNTPs or the primer.

Template
DNA
polymerase I . . . . .
C T —T» T
PP;
OH + OH + etc. -OH + OH + etc.
ppp ppp ppPp

U Primer 3’ dCTP dTTP
Figure 3-20 Action of DNA polymerase I Using a single DNA strand as a 5 — 3’ direction. The polymerase-catalyzed reaction requires a free 3'-OH
template, the enzyme elongates the primer by stepwise addition of group on the growing strand. Pyrophosphate (P,0%; PP) is released with
complementary nucleotides. Incoming nucleotides pair with bases on the each nucleotide addition.

template strand and are joined to the growing polynucleotide strand in the
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Template: 3 —— CCGGTAGCAACT —— &’
Primer: 5 — GG 3
dATP + ddATP dATP dATP dATP
dCTP dCTP + ddCTP dCTP dCTP
dGTP dGTP dGTP + ddGTP dGTP
dTTP dTTP dTTP dTTP + ddTTP
GGCCA GGC GGCCATCG GGCCAT
GGCCATCGTTGA GGCC GGCCATCGTTG GGCCATCGT
GGCCATC GGCCATCGTT
A C G T
an— A 37
o G
o T
e T L Sequence complementary
I — G to template DNA
o C
e T
o A
o C
a—— C 5~

Figure 3-21 The chain-terminator (dideoxy) method of DNA sequencing. Each of the four
reaction mixtures includes the single-stranded DNA to be sequenced (the template), a primer, the
four deoxynucleoside triphosphates (represented as dATP, etc.), and one of the four dideoxynucleoside
triphosphates (ddATP, etc.). Extension of the primer by the action of DNA polymerase generates
stretches of DNA terminating with a dideoxynucleotide. Gel electrophoresis in parallel lanes of the
fragments from the four reaction mixtures yields a set of polynucleotides whose 3’ terminal residues
are known. The sequence obtained by “reading” from the smallest fragment to the largest (i.e., from
the bottom to the top of the gel) is complementary to the sequence of the template DNA.

The tag, which may be a radioactive isotope (e.g., **P) or a fluorescent la-
bel, permits the products of the polymerase reaction to be easily detected.

The key component of the reaction mixture is a small amount of a
2',3'-dideoxynucleoside triphosphate (ddNTP),

Base]
®—@—@®—ocH, 0 T
ki &
H H
H H

2',3'-Dideoxynucleoside
triphosphate

which lacks the 3’-OH group of deoxynucleotides. When the dideoxy ana-
log is incorporated into the growing polynucleotide in place of the corre-
sponding normal nucleotide, chain growth is terminated because addition of
the next nucleotide requires a free 3'-OH. By using only a small amount of
the ddNTP, a series of truncated chains is generated, each of which ends

o
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D Genome Sequencing

The advent of large-scale sequencing techniques brought to fruition the
dream of sequencing entire genomes. However, the major technical hurdle
in sequencing all the DNA in an organism’s genome is not the DNA
sequencing itself but, rather, assembling the tens of thousands to tens of
millions of sequenced segments (depending on the size of the genome)
into contiguous blocks and assigning them to their correct chromosomal
positions. To do so required the development of automated sequencing
protocols and mathematically sophisticated computer algorithms.

The first complete genome sequence to be determined, that of the
bacterium Haemophilus influenzae, was reported in 1995 by Craig Venter.
By the end of 2004, the complete genome sequences of over 200 prokary-
otes had been reported (with many more being determined) as well as those
of 28 eukaryotes, including Saccharomyces cerevisiae (baker’s yeast),
Caenorhabditis elegans (a nematode worm), Drosophila melanogaster (a
fruit fly), Arabidopsis thaliana (a flowering plant), and humans (Table 3-3).

The determination of the ~3.2 billion-nucleotide human genome se-
quence was a gargantuan undertaking involving hundreds of scientists
working in two groups, one led by Venter and the other by Francis Collins
(Box 3-2), Eric Lander, and John Sulston. After over a decade of intense
effort, the “rough draft” of the human genome sequence was reported in
early 2001 and the “finished” sequence was reported in mid-2003. This stun-
ning achievement promises to revolutionize the way both biochemistry and
medicine are viewed and practiced, although it is likely to require many

Tahle 3-3 Some Sequenced Genomes

Genome Size Number of
Organism (kb) Chromosomes

Mycoplasma genitalium 580 1
(human parasite)

Rickettsia prowazekii 1,112 1
(putative relative of mitochondria)

Methanococcus jannaschii 1,665 1
(thermophilic methanogen)

Haemophilus influenzae 1,830 1
(human pathogen)

Synechocystis sp. 3,573 1
(cyanobacterium)

Escherichia coli 4,639 1
(human symbiont)

Saccharomyces cerevisiae 11,700 16
(baker’s yeast)

Plasmodium falciparum 30,000 14
(protozoan that causes malaria)

Caenorhabditis elegans 97,000 6
(nematode)

Arabidopsis thaliana 117,000 5
(dicotyledonous plant)

Drosophila melanogaster 137,000 4
(fruit fly)

Danio rerio 1,700,000 25
(zebrafish)

Homo sapiens 3,200,000 23

o
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years of further effort before its full significance is understood. Neverthe-
less, numerous important conclusions can already be drawn, including:

1. About half the human genome consists of repeating sequences of
various types.

2. Only ~28% of the genome is transcribed to RNA.

3. Only 1.1% to 1.4% of the genome (~5% of the transcribed RNA)
encodes protein.

4. The human genome appears to contain only ~30,000 protein-encoding
genes [also known as open reading frames (ORFs)| rather than the
50,000 to 140,000 ORFs that had previously been predicted based
mainly on extrapolations. This compares with the ~6000 ORFs in yeast,
~13,000 in Drosophila, ~18,000 in C. elegans, and ~26,000 in
Arabadopsis (although note that these numbers will almost certainly
change as our presently imperfect ability to recognize ORFs improves).

5. Only a small fraction of human proteins are unique to vertebrates;
most occur in other if not all life-forms.

6. Two randomly selected human genomes differ, on average, by only 1
nucleotide per 1250, that is, any two people are likely to be >99.9%
genetically identical.

The obviously greater complexity of humans (vertebrates) relative to
“lower” (nonvertebrate) forms of life is unlikely to be due to the not much
larger numbers of ORFs that vertebrates encode. Rather, it appears that
vertebrate proteins themselves are more complex than those of nonverte-
brates, that is, vertebrate proteins tend to have more domains (modules)
than invertebrate proteins, and that these modules are more often selec-
tively expressed through differential gene splicing (a process in which a
given gene transcript can be processed in multiple ways so as to yield dif-
ferent proteins when translated; Section 25-3A). Thus, many vertebrate
genes encode several different although similar proteins.

E Sequences, Mutation, and Evolution

One of the richest rewards of nucleic acid sequencing technology is the in-
formation it provides about the mechanisms of evolution. The chemical and
physical properties of DNA, such as its regular three-dimensional shape
and the elegant process of replication, may leave the impression that ge-
netic information is relatively static. In fact, DNA is a dynamic molecule,
subject to changes that alter genetic information. For example, the mispair-
ing of bases during DNA replication introduces errors known as point mu-
tations in the daughter strands. Mutations also result from DNA damage
by chemicals or radiation. More extensive alterations in genetic informa-
tion are caused by faulty recombination (exchange of DNA between chro-
mosomes) and the transposition of genes within or between chromosomes
and, in some cases, from one organism to another. All these alterations to
DNA provide the raw material for natural selection. When a mutated gene
is transcribed and the messenger RNA is subsequently translated, the re-
sulting protein may have properties that confer some advantage to the in-
dividual. As a beneficial change is passed from generation to generation, it
becomes part of the standard genetic makeup of the species. Of course,
many changes occur as a species evolves, not all of them simple and not all
of them gradual.

Phylogenetic relationships can be revealed by comparing the sequences
of similar genes in different organisms. The number of nucleotide differ-

o
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but impossible to separate from the rest of the DNA using classical sepa-
ration techniques (Sections 5-2 and 23-3). Recombinant DNA technology,
also called molecular cloning or genetic engineering, makes it possible to
isolate, amplify, and modify specific DNA sequences.

A Cloning Techniques
The following approach is used to obtain and amplify a segment of DNA:

1. A fragment of DNA of the appropriate size is generated by a re-
striction enzyme, by PCR (Section 3-5C), or by chemical synthesis.

2. The fragment is incorporated into another DNA molecule known as
a vector, which contains the sequences necessary to direct DNA repli-
cation.

3. The vector—with the DNA of interest—is introduced into cells,
where it is replicated.

4. Cells containing the desired DNA are identified, or selected.

Cloning refers to the production of multiple identical organisms derived
from a single ancestor. The term clone refers to the collection of cells that
contain the vector carrying the DNA of interest or to the DNA itself. In a
suitable host organism, such as E. coli or yeast, large amounts of the in-
serted DNA can be produced.

Cloned DNA can be purified and sequenced (Section 3-4). Alternatively,
if a cloned gene is flanked by the properly positioned regulatory sequences
for RNA and protein synthesis, the host may also produce large quantities
of the RNA and protein specified by that gene. Thus, cloning provides ma-
terials (nucleic acids and proteins) for other studies and also provides a
means for studying gene expression under controlled conditions.

Cloning Vectors. A variety of small, autonomously replicating DNA mole-
cules are used as cloning vectors. Plasmids are circular DNA molecules of
1 to 200 kb found in bacteria or yeast cells. Plasmids can be considered mol-
ecular parasites, but in many instances they benefit their host by providing
functions, such as resistance to antibiotics, that the host lacks.

Some types of plasmids are present in one or a few copies per cell and Ndel, HgiEII
replicate only when the bacterial chromosome replicates. However, the plas- Narl
mids used for cloning are typically present in hundreds of copies per cell Aatll Eco0109 / Bgll
and can be induced to replicate until the cell contains two or three // A/JIDStII
(%722

thousand copies (representing about half of the cell’s total DNA).
The plasmids that have been constructed for laboratory use are

relatively small, replicate easily, carry genes specifying resistance Xmnl Volylinker
to one or more antibiotics, and contain a number of conve-
niently located restriction endonuclease sites into which for-
eign DNA can be inserted. Plasmid vectors can be used to
clone DNA segments of no more than ~10 kb. The E. coli  Pvul

Scal

plasmid designated pUC18 (Fig. 3-25) is a representative Avell
cloning vector (“pUC” stands for plasmid-Universal Cloning).
Mstl
Avall
Figure 3-25 The plasmid pUC18.  As shown in this diagram, the circular “Bail

plasmid contains multiple restriction sites, including a polylinker sequence that

contains 13 restriction sites that are not present elsewhere on the plasmid. The three
genes expressed by the plasmid are amp®, which confers resistance to the antibitic
ampicillin; /acZ, which encodes the enzyme B-galactosidase; and /ac/, which encodes a factor
that controls transcription of /acZ (as described in Section 27-2A). HgiEIL






