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D

eoxyribonucleic acid (DNA) is the genetic, or hereditary, material of the cell. The
information encoded in DNA ultimately directs the synthesis of proteins within
cells. When expressed, these proteins determine nearly all critical biological characteristics. When a cell divides, DNA self-replicates to ensure that progeny cells receive
the same DNA instructions as the parent cell.
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UNIT I:
Biomolecules

NUCLEIC ACID STRUCTURE AND FUNCTION
DNA is a nucleic acid polymer consisting of the nucleotide monomers seen in Figure 2-1. Nucleosides contain the sugar deoxyribose and a nitrogenous base. When a
nucleoside is phosphorylated by adding a phosphate group (PO4 ), it is referred to as
a nucleotide. There are four nitrogenous bases used to make DNA nucleosides and
nucleotides: adenine (A), thymine (T), cytosine (C), and guanine (G). Each nucleoside
or nucleotide differs only by the nitrogenous base used. In total, there are four possible
nucleotides used to produce DNA.
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FIGURE 2-1 Nucleotide structure. All nucleotides contain a sugar, a PO4 , and a nitrogenous base.
Source: From Sylvia S. Mader, Biology, 8th ed., McGraw-Hill, 2004; reproduced with permission
of The McGraw-Hill Companies.

The nitrogenous bases of each nucleoside or nucleotide are classified as a purine
or pyrimidine based on their chemical structure. A purine is a double-ringed structure,
whereas a pyrimidine is a single-ringed structure. The nitrogenous bases adenine and
guanine are purines; cytosine and thymine are pyrimidines.
Because of the complementary structure of base pairing, the genetic information
can be transmitted via DNA replication.

The Double Helix
James Watson and Francis Crick proposed a model for the structure of DNA in 1953.
By analyzing information from the studies of others, they knew that DNA existed in a
double-stranded configuration and that the amount of A and T in a DNA molecule was
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FIGURE 2-2 DNA double helix. The Watson and Crick model of DNA structure shows two strands
of DNA that run antiparallel to each other. Source: From Sylvia S. Mader, Biology, 8th ed.,
McGraw-Hill, 2004; reproduced with permission of The McGraw-Hill Companies.

always the same, as was the amount of C and G. They then developed a model of DNA
structure seen in Figure 2-2.
A single strand of DNA has a sugar-phosphate backbone (where the nucleotides
bond together using phosphodiester bonds). Two strands of DNA are hydrogen bonded
together via their nitrogenous bases, and this process is called hybridization. The idea
of complementary base pairing is essential to this model. Complementary base
pairing means that a purine must pair with a pyrimidine. An A on one strand of DNA
always bonds to a T on another strand of DNA using 2 hydrogen bonds. A C on one
strand always bonds to a G on another strand using 3 hydrogen bonds. This base pairing holds together the two strands of DNA, which then twist to take on a double-helix
conformation. Knowing the sequence of bases in one DNA strand makes it possible to
determine the sequence of bases in the complementary strand.
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Each strand of DNA has a specific polarity or direction in which is runs. This polarity is referred to as 5 and 3 . The complementary strand of DNA always runs antiparallel, in the opposite direction of the original strand. So if one DNA strand runs 5 to 3 ,
the other strand of the double helix runs 3 to 5 .
Strands of DNA can be forcefully separated during denaturation. Heat is the most
common variable to cause denaturation of the DNA strands, which involves the breaking of the hydrogen bonds holding the base pairs together. The use of denaturing techniques is one way to estimate the GC content of an organism. Following denaturation
of DNA, the complementary base pairs may reestablish, or reanneal, to each other.

DNA REPLICATION
During normal cell division, it is essential that all components of the cell, including the
chromosomes, replicate so that each progeny cell receives a copy of the chromosomes
from the parent cell. The process of replicating DNA must happen accurately to ensure
that no changes to the DNA are passed on to the progeny cells.
The process of DNA replication is termed semiconservative replication. One double helix must be replicated so that two double helices result—one for each progeny
cell. Because the DNA double helix has two strands, each strand can serve as a template
to produce a new strand as seen in Figure 2-3.
The process of semiconservative replication has three basic steps:
First, the original DNA double helix must unwind. This process is achieved using the enzymes topoisomerase (gyrase) to relax supercoiling ahead of the replication
fork and helicase at the replication fork. Single-strand binding proteins follow helicase,
binding to the DNA and keeping the strands separated at the replication fork.
Next, the hydrogen bonds that hold the nitrogenous bases together must be broken. This “unzips” the double helix in a localized area of the chromosomes called the
origin of replication.
Finally, each template strand produces a complementary strand of DNA using the
typical rules of complementary base pairing. The primase enzyme initiates the process; however, DNA polymerase is the key enzyme in this process. This enzyme bonds
to the DNA template and chemically reads the nucleotide sequence while assembling
the complementary free nucleotides to produce the new strand. The synthesis of DNA
occurs in both directions moving outward from the origin of replication in replication
forks. In eukaryotic cells, there are multiples origins of replication.
As DNA is synthesized during replication, the DNA polymerase reads the template
DNA strand from the 3 to 5 direction, which means that the new DNA being synthesized runs in the 5 to 3 direction. Because one DNA template runs in the 3 to 5
direction, DNA polymerase is able to read it and produce a continuous complementary strand called the leading strand. However, the other DNA template runs in the 5
to 3 direction, so the complementary strand (the lagging strand) is synthesized in a
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FIGURE 2-3 Semiconservative replication of DNA. During DNA replication, the DNA double helix unwinds and each strand serves as a template for the formation of a new strand. Source:
From Sylvia S. Mader, Biology, 8th ed., McGraw-Hill, 2004; reproduced with permission of The
McGraw-Hill Companies.
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FIGURE 2-4 Okazaki fragments. DNA replication is continuous on the leading strand of DNA and

discontinuous on the lagging strand, resulting in the formation of Okazaki fragments on the
lagging strand. Source: From Sylvia S. Mader, Biology, 8th ed., McGraw-Hill, 2004; reproduced
with permission of The McGraw-Hill Companies.

discontinuous manner because the replication form is moving against the direction of
DNA synthesis, as seen in Figure 2-4. In order to synthesize the discontinuous strand
of DNA, a primer (a short sequence of nucleotides) must bind to the DNA. Then DNA
polymerase begins to synthesize the new DNA strand until it runs into the next primer.
This results in small pieces of DNA, termed Okazaki fragments, which must eventually
be linked together. The primers are eventually degraded and the Okazaki fragments are
linked using the enzyme DNA ligase.

MUTATIONS AND DNA REPAIR
During the process of DNA replication, it is possible for DNA polymerase to produce
errors by adding a nucleotide that is not complementary to the DNA template or by
adding or deleting nucleotides on the new DNA strand. Certain segments of DNA are
more susceptible to mutations than others, and these susceptible areas where mutations tend to occur more frequently are referred to as hot spots. Luckily, DNA polymerase has a proofreading ability that usually detects these errors and repairs them
using exonuclease activity. However, if these errors are not corrected, there are permanent changes to the DNA known as mutations.
In some cases, a mutation that cannot be repaired successfully triggers cellular
apoptosis to destroy the damaged cell. When this mechanism does not engage, the
mutations remain and can be passed on to progeny cells. Mutations occur spontaneously at a rate of one per billion nucleotides, but there is significant variation among
organisms in this rate. Although these odds sound quite good, keep in mind that the
DNA in a single human cell has about 3 billion nucleotides. This means mutations
inevitably occur each time the DNA is replicated. Mutations are often harmless, but
in some cases they can code for faulty proteins that can drastically alter the functioning of cells. This can lead to serious consequences such as genetic disease or cancer.
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THE CENTRAL DOGMA
DNA is the hereditary information of the cell, which is located within chromosomes in
the nucleus of eukaryotic cells. A gene is a segment of DNA located on a chromosome
that has information to encode for a single protein. Proteins are made in the cytoplasm
of the cell with assistance from ribosomes, but unfortunately the genes carrying the
instructions cannot leave the nucleus, nor can the ribosomes, which assist in protein
synthesis, enter the nucleus.
To get around this problem, the DNA message in the nucleus is converted to an
intermediate ribonucleic acid (RNA) message that can travel out of the nucleus to
the cytoplasm and be read by the ribosomes to produce a protein. Protein synthesis
is a two-step process: the conversion of DNA to RNA is transcription, and the conversion of RNA to a protein is translation. The process describes the flow of genetic
information in the cell and is the central dogma of molecular biology.
DNA → RNA → protein

RIBONUCLEIC ACID
RNA is another form of nucleic acid and is a critical player in the process of protein
synthesis. RNA molecules are very similar to DNA with a few exceptions, as shown in
the following table.
TABLE 2-1 Differences between DNA and RNA
DNA

RNA

Number of strands

2, double helix

single

Sugar used in the nucleotide

deoxyribose

ribose

Nitrogenous bases used

adenine, thymine, guanine,
cytosine

adenine, uracil, guanine,
cytosine

Within the cell, there are three types of RNA: ribosomal RNA (rRNA), transfer RNA
(tRNA), and messenger RNA (mRNA). Each type has a specific role in the process of
protein synthesis. Both rRNA and tRNA are considered noncoding. The functions of
each type of RNA are show in the following table:
TABLE 2-2 Types of RNA
Type of RNA

Function

Ribosomal (rRNA)

rRNA is made in the nucleolus of the nucleus. It is a structural
component of ribosomes.

Transfer (tRNA)

tRNA is located in the cytoplasm of the cells. It is used to shuttle
amino acids to the ribosome during the process of translation.

Messenger (mRNA)

mRNA is copied from DNA and serves as the messenger molecule to
carry the DNA message to the ribosomes in the cytoplasm.
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TRANSCRIPTION
The first step of protein synthesis is the production of mRNA from the DNA. This process of transcription initially resembles the process of semiconservative DNA replication. At the point where transcription is to begin, the DNA double helix unwinds.
In this local area, the hydrogen bonds holding together the base pairs must break.
Because only one strand of mRNA needs to be produced, only one strand of the DNA
serves as a template.
The enzyme RNA polymerase recognizes sequences of DNA called promoters and
binds to them. The RNA polymerase chemically reads the sequence of DNA and assembles the complementary RNA nucleotides in the 5 to 3 direction. The rules of complementary base pairing during transcription are similar to that of DNA replication, with
one major change: RNA uses the base uracil (U) instead of thymine (T). If the DNA contains the base A, then the complementary RNA will contain the base U (not T), whereas
C and G will pair together. RNA polymerase continues to synthesize the complementary RNA strand until it reaches a termination sequence on the DNA. At this point, the
RNA molecule is released and the DNA double helix reforms. The process of transcription can be seen in Figure 2-5.
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FIGURE 2-5 Transcription.

RNA Modification
Once RNA has been produced from the DNA template, it must be modified before it
can be translated into a protein. First, a 5 cap is added to the 5 end of the RNA. This
cap is a chemically modified nucleotide that helps regulate translation. Next, a poly-A
tail is added to the 3 end of the RNA. This tail consists of many A nucleotides placed
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on the end of the RNA. The purpose of the tail is to prevent exonuclease degradation
of the RNA molecule.
Although some of eukaryotic chromosomal DNA has information that is needed
to code for proteins, the majority of the DNA does not have information to code for
proteins. The coding DNA is termed exons, and the noncoding DNA is termed introns.
Unfortunately, the introns are located within the exons, disrupting their sequence.
For many years, introns were regarded as “junk DNA” as their functions were not
well understood. Currently, it is known that introns have functions such as regulating translation, acting as mobile genetic elements, and allowing for alternate splicing
patterns. The acquisition of introns also seems to be an important part of eukaryotic
evolution.
During transcription, the RNA that is copied from the DNA contains the sequences
of both the introns and the exons. Prior to translation, the introns must be removed,
and the exons must be spliced together to form functional mRNA. This is achieved
using spliceosomes. Each spliceosome is composed of proteins termed small nuclear
ribonucleoproteins (snRNPs) and small nuclear RNAs (snRNAs), which perform the
actual splicing of exons. The snRNAs are examples of ribozymes, which are catalytic
RNA molecules.
Several unique RNAs can be produced by splicing the same exons in different
sequences. Figure 2-6 demonstrates the RNA splicing process. Once the splicing is
complete, the mRNA molecule moves through the nuclear pores to the cytoplasm
where translation will occur.

The Genetic Code
Once the mRNA has been produced, it must be translated into a protein. In this case,
there is a “language” barrier. The mRNA is written using a 4-letter code (A, U, C, and
G), while proteins are made using a 20-letter code (there are 20 different amino acids
used to make proteins). So how does a 4-letter language get converted to a 20-letter
language? The mRNA is read as codons, 3 nucleotides at a time. Each codon has the
information to specify for one amino acid. Mathematically, there are 4 nucleotides
in the mRNA, and if every combination of 3 letters is used, there will be 64 possible
codons, all of which are listed in the genetic code seen in Figure 2-7. Because there
are only 20 amino acids used to make proteins, there is an overlap, or redundancy, in
the code where more than one codon can code for the same amino acid. The significance of the redundancy of the genetic code will become apparent when mutations are
discussed.
Knowing the sequence of codons on the mRNA makes it possible to use the genetic
code to decipher the sequence of amino acids that will be used to build the protein in
translation. Any change to the DNA, which, in turn, changes the mRNA codons, can
potentially change the order of amino acids and thus the shape and function of the
intended protein.
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FIGURE 2-6 RNA splicing. During mRNA processing, introns are removed from the mRNA and
the exons are spliced together. Capping and the addition of a poly-A tail are also part of mRNA
processing. Source: From Sylvia S. Mader, Biology, 8th ed., McGraw-Hill, 2004; reproduced with
permission of The McGraw-Hill Companies.

TRANSLATION
The process of translation occurs in the cytoplasm. The codons on the mRNA are read,
and the appropriate amino acids needed to produce the protein are assembled. This
process requires assistance from various enzymes, ribosomes, and tRNA.
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FIGURE 2-7 The genetic code. The codons on mRNA can be read on the genetic code to predict the
sequence of amino acids produced by a particular mRNA. Source: From Eldon D. Enger, Frederick C. Ross, and David B. Bailey, Concepts in Biology, 11th ed., McGraw-Hill, 2005; reproduced
with permission of The McGraw-Hill Companies.

Ribosomes
Eukaryotic ribosomes are composed of two subunits, one large and one small, of rRNA
and various proteins. Once the ribosome assembles on the mRNA, there are two RNA
binding sites inside the ribosome: the peptidyl (P) site and the aminoacyl (A) site.

Transfer RNA
The tRNA molecules shuttle the appropriate amino acids to the ribosomes as dictated
by the codons on the mRNA. The tRNA itself is a piece of RNA folded into a specific
configuration. On one end, the tRNA contains an anticodon with a sequence complementary to the codon on the mRNA. For example, if the codon on the mRNA reads
CAU, the anticodon on the tRNA will read GUA. On the other end of the tRNA, a specific
amino acid is attached. The aminoacyl-tRNA synthetases are responsible for attaching
amino acids to their corresponding tRNA.
Based on the genetic code there are 64 codons with 3 serving as stop codons, leaving 61 remaining functional codons. This would suggest that there would need to be
61 varieties of tRNAs with anticodons to match these mRNA codons. However, this is
not the case. The tRNAs display wobble pairing where the third base of the anticodon
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FIGURE 2-8 Translation.
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can bind to the third base of the codon in a noncomplementary way. For example, a
tRNA displaying the anticodon UAG would be expected to bind to a codon with the full
complementary sequence AUC. However, that same UAG anticodon on the tRNA could
also bind to a codon with the sequence AUU where the third base is not a standard
match of complementarity.

The Steps of Translation
Translation occurs as a three-step process. First, the ribosome must assemble on the
mRNA. Next, the amino acids dictated by the codons must be brought to the ribosome
and bonded together in the direction of the N terminus to C terminus. Finally, the
resulting protein must be released from the ribosome. The entire process of translation can be seen in Figure 2-8.

INITIATION
The process of translation begins when the ribosome assembles on the mRNA and
requires a variety of initiation factors. The location for ribosomal assembly is signaled
by the start codon (AUG) found on the mRNA. The small ribosomal subunit then binds
to the mRNA. The first tRNA enters the P site of the ribosome. This tRNA must have the
appropriate anticodon (UAC) to hydrogen bond with the start codon (AUG). As seen
in the genetic code, the amino acid specified by the start codon is methionine. Thus
the first amino acid of every protein will be methionine. Now the large subunit of the
ribosome can assemble on the mRNA.

ELONGATION
At this point, the P site of the ribosome is occupied, but the A site is not. A tRNA bearing the appropriate anticodon to bind with the next codon of the mRNA will enter the
ribosome and hydrogen bond to the codon. A key enzyme will be used at this point to
form a peptide bond between the two amino acids in the P and A sites. This enzyme
is peptidyl transferase. The two amino acids are now attached to the tRNA in the A
site. The tRNA in the P site moves to the E site and breaks off (leaving behind its amino
acid) and leaves the ribosome. The ribosome then moves over one codon to the right,
putting the remaining tRNA in the P site and leaving an empty A site. This process of
a new tRNA entering, a peptide bond forming between amino acids, the tRNA in the
P site leaving, and the ribosome shifting over by one codon will occur over and over
again, producing a growing peptide.

TERMINATION
There are three mRNA codons (UAA, UAG, and UGA) that serve as stop codons and do
not code for amino acids. When one of these codons reaches the A site of the ribosome,

CHAPTER 2:
Transmission of
Genetic Information
from the Gene to
the Protein

MCAT-3200185

book

November 9, 2015

21:49

MHID: 1-25-958835-1

ISBN: 1-25-958835-8

30
UNIT I:
Biomolecules

release factors block the A site and the protein is released from the ribosome. The
ribosomal subunits will dissociate. This signals the end of translation. In some cases, it
is necessary for the released protein to be modified before it can be functional. These
modifications most often include phosphorylation, but other forms of modification
are possible. This process often occurs in the endoplasmic reticulum or the Golgi complex of eukaryotic cells.

CHROMOSOME ORGANIZATION
In eukaryotic cells, DNA is organized in linear chromosomes. Humans have 23 pairs, or
a total of 46 chromosomes, per somatic (nonreproductive) cell. A single chromosome
consists of one DNA double helix wrapped around specialized histone proteins that
form chromatin. There are additional proteins that serve regulatory and enzymatic
functions within the chromosomes. Each chromosome contains an enormous amount
of DNA, all of which must fit into the nucleus of the cell. Organizing the DNA around
histones and other specialized proteins helps compact, or supercoil, the DNA, as shown
in Figure 2-9. During cell division, the chromatin coils even more to form a compact
chromosome. When chromosomes replicate in preparation for cell division, the new
copy stays attached to the original at a location called the centromere.
At the end of each chromosome, there are repetitive sequences of DNA called
telomeres that act as a sort of protective cap for the ends of the chromosomes. During
each round of cell division, the telomeres become shorter. If all are working properly,
the cell initiates apoptosis when the telomeres shorten or erode too much, leaving the
critical nucleotides at the end of the chromosomes open to damage. This mechanism
is necessary so that older cells are destroyed before they incur too much damage. In
cancerous cells, this mechanism fails, allowing the cells to achieve immortality.
Chromatin can be further categorized according to how tightly it is coiled. Lightly
coiled chromatin is often found in areas being actively transcribed and is more
specifically referred to as euchromatin. Heterochromatin is more tightly coiled and
serves a variety of regulatory functions. Centromeres and telomeres are examples of
heterochromatin.

Repetitive DNA Sequences
Repetitive sequences of DNA are found within the genome in more than a single copy.
These repetitive sequences can be categorized as tandem repeats and interspersed
repeats. Tandem repeats are copies of repetitive DNA that occur adjacent to each other
on the chromosome. An example of a tandem repeat is satellite DNA that is often found
in centromeres and heterochromatin.
Transposable elements (transposons) are an example of interspersed repeats.
These pieces of DNA have the ability to become mobile and insert themselves into

book

November 9, 2015

21:49

MHID: 1-25-958835-1

ISBN: 1-25-958835-8

31

2 nm

CHAPTER 2:
Transmission of
Genetic Information
from the Gene to
the Protein

DNA helix

11 nm

histone
H1
Nucleosomes
histones

30 nm

nucleosome

Coiled
nucleosomes

Looped
chromatin

300 nm

Condensed
chromatin

700 nm

nucleosome

euchromatin

heterochromatin

centromere

Condensed
chromosome

1400 nm

MCAT-3200185

FIGURE 2-9 Chromosome structure. Chromosomes exhibit multiple levels of organization.
Source: From Sylvia S. Mader, Biology, 8th ed., McGraw-Hill, 2004; reproduced with permission
of The McGraw-Hill Companies.

specific genes, which is why they are sometimes called “jumping genes”. The insertion of a transposon into a specific gene causes a mutation that will disrupt the coding
sequence in a similar way to a large frameshift (insertion) mutation.

CONTROL OF GENE EXPRESSION
Gene expression refers to the control over which genes are transcribed and translated.
Each cell has many genes, and it is not necessary for every cell to express every gene
it has. To be efficient, cells are selective about which genes they express, synthesizing
only the proteins that are necessary at a given time.
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Prokaryotic Regulation of Gene Expression
In eukaryotic cells transcription and translation are restricted to separate parts of the
cell so that translation cannot occur until transcription is complete. Prokaryotic cells
do not have separate locations for these processes, so they are able to couple their transcription and translation.
The regulation of bacterial gene expression is primarily by operons, as seen in
Figure 2-10, which control the access of RNA polymerase to the genes to be transcribed.
They do this primarily via repressor proteins. The lac operon model proposed by
François Jacob and Jacques Monod was the first to describe the role of repressors in the
expression of the enzyme beta-galactosidase that is needed for lactose metabolism in
bacteria.
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FIGURE 2-10 Bacterial operon system. The operon system is used to regulate gene expression in

prokaryotic cells. Source: From Sylvia S. Mader, Biology, 8th ed., McGraw-Hill, 2004; reproduced
with permission of The McGraw-Hill Companies.

There are many different operons that have been characterized, but they all have
some basic features:

➤ A promoter sequence on the DNA where RNA polymerase must bind. If the promoter is inaccessible, the gene is not transcribed.
➤ An operator sequence on the DNA where a repressor protein can bind, if present.
When a repressor is bound to the operator, the promoter sequence is blocked such
that RNA polymerase cannot access the site.
➤ A regulator gene that produces a repressor protein when expressed.
➤ Structural genes that are the actual genes being regulated by the operon.
Operons come in two basic categories: inducible and repressible. Inducible operons are normally “off,” while repressible operons are normally “on.” In a negative
inducible operon, the repressor binds to the operator so that transcription is always
prevented unless an inducer molecule is present. When the inducer is present, it binds
to the repressor, preventing the repressor from binding to the operator. This allows
transcription to occur. In negative repressible operon systems, the repressor is always
inactive such that transcription always occurs. Only when a corepressor is present to
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interact with the repressor can transcription be inhibited. When the repressor and
corepressor are bound, they can then interact with the operator site and prevent
access by RNA polymerase, thus turning off transcription.
Some operon systems operate using positive control. In those systems, activator
proteins bind to DNA, causing transcription. Positive inducible operons require the
binding of an inducer to an activator. When this occurs, transcription can be activated.
In positive repressible operons, the activator proteins normally bind to the DNA. When
an inhibitor is bound to the activator, it cannot bind to DNA and transcription is not
activated.

Eukaryotic Control of Gene Expression
Gene expression can be regulated on a permanent level due to a process called differentiation. Because nearly all of the cells within the body are specialized, it makes
sense that these cells really only need to express the genes related to that cell’s particular function. Even though all cells have the same genes, each specialized cell is only
capable of expressing a small subset of those genes. So although brain cells possess
the gene to produce the protein insulin, they are unable to express this gene because it
is not needed for the functioning of a brain cell and it would be inefficient to make an
unnecessary protein. The process of differentiation happens early in development and
is thought to generally be an irreversible process. Cells that have yet to differentiate are
referred to as stem cells.
Once a cell has differentiated and selected a set of genes to express, genes within
this set can be regulated on a minute-to-minute basis. The set of proteins being
expressed in a given cell at a given time is referred to as the proteome. There are a
number of ways to regulate the process of transcription and translation. These methods can completely prevent gene expression, or if gene expression does occur, there are
methods to control the rate of the process, in turn influencing the amount of protein
that is produced. The table “Mechanisms for Regulating Gene Expression” summarizes
the major mechanisms for the control of gene expression.

TRANSCRIPTIONAL REGULATION
One way to control the expression of a particular gene is by physically regulating access
to the gene. For transcription to occur, DNA binding proteins (also called transcription
factors) must be able to bind to the promoter sites on DNA. Recall that each chromosome is coiled. If the coiling is particularly tight in a specific region, the transcription
factors are unable to access the gene, thus preventing transcription and the expression
of the gene. If the chromosome was to loosen its coiling, transcription factors would be
able to access the promoter region. These transcription factors must bind to enhancer
or silencer DNA sequences, which ultimately determine if the gene will be expressed
and the rate of expression.
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An extreme example of how the coiling of chromosomes affects gene expression is
a process called X chromosome inactivation that occurs in females. Gender is
determined by the sex chromosomes, X and Y. Females have a pair of X chromosomes
inherited from each parent, while males have one X inherited from their mother and
a Y inherited from their father. In females, one of the two X chromosomes in each cell
is randomly selected for inactivation. The X chromosome to be inactivated is coiled so
tightly that RNA polymerase will never be able to access the genes, and thus no information on the inactive X chromosome is ever expressed.

Methylation. Gene expression can also be influenced by patterns of DNA methylation. This process involves the addition of methyl groups to C or A nucleotides in the
DNA. This pattern of methylation is responsible for regulating gene expression in cells
and for preventing differentiated cells from reverting to an undifferentiated stem cell
form. While many of the methylation patterns are deleted during zygote formation,
some of these patterns of DNA methylation that regulate gene expression are heritable. DNA methylation is also an important part of the development of cancer.

POST-TRANSCRIPTIONAL REGULATION
When transcription does occur, a variety of other regulatory methods can be used to
determine if translation will ultimately occur. The RNA that is produced during transcription must be spliced and modified before it is translated. If this does not occur, no
protein is made and the gene is not expressed. Furthermore, even if the mRNA is properly modified, the rate at which it leaves the nucleus (via nuclear pores) influences if
and how quickly it is translated. The faster the mRNA enters the cytoplasm, the more
it is translated, leading to an increased amount of protein produced.

TRANSLATIONAL CONTROL
Once in the cytoplasm, the mRNA begins to degrade quickly, usually within minutes.
One reason for this quick degradation is that enzymes begin destroying the poly-A tail
that was added during RNA modification in the nucleus. Without the poly-A tail, translation cannot occur. The longer the tail is, the longer the mRNA exists for translation
and the more protein is made. The shorter the tail, the less protein made.

POST-TRANSLATIONAL REGULATION
Once transcription and translation are complete, a protein exists. However, there is
one last way to regulate gene expression at this point. In some cases, the protein is
inactivated immediately following synthesis. In other cases, the protein may not go
through its normal modification procedure, thus rendering it useless. The mechanisms
for regulating gene expression can be seen in the following table.
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TABLE 2-3 Mechanisms for Regulating Gene Expression
Stage at Which
Regulation Occurs

Mechanisms Used

Transcriptional regulation

Coiling of chromosomes to physically prevent or allow
the access of transcription factors and RNA polymerase
to the promoter regions of DNA

Post-transcriptional regulation

Whether or not mRNA is properly spliced
Control over the rate at which mRNA leaves the nucleus
via nuclear pores

Translational regulation

Life span of mRNA, which is influenced by the length
of the poly-A tail added during RNA modification in the
nucleus

Post-translational regulation

Degradation of protein immediately following synthesis
Failure to properly modify the protein, rendering it
useless

Cancer as a Failure of Cellular Controls
A typical cell divides about 50 times before its telomeres shorten to the point where the
chromosome is risking damage upon subsequent cell divisions. Once the telomeres
shorten to a threshold point, apoptosis (programmed cell death) occurs in the cell.
Some cells have the ability to bypass cell death and thus become immortal. This is a
critical characteristic of cancer cells.
Cancer often develops by a failure of normal cellular controls. The gene products
of proto-oncogenes are one of several mechanisms to regulate the cell cycle. Mutation to a proto-oncogene causes activation to an oncogene. The gene product of the
oncogene does not properly regulate the cell cycle, which can lead to cancer. Certain
viruses are known to be oncogenic viruses, meaning that the viral DNA inserts into
human chromosomes, disrupting proto-oncogenes.
Tumor suppressor genes are protective mechanisms that produce proteins that
can suppress tumor formation. When these genes are mutated, their protective function is lost, which can cause development of cancer.

RECOMBINANT DNA AND BIOTECHNOLOGY
A DNA molecule that contains DNA from two or more sources is termed recombinant DNA (rDNA). An organism that contains recombinant DNA is termed transgenic.
Recombinant DNA technology is a field that is advancing exponentially. It has wideranging applications, including pharmaceutical development, gene therapy, medical
applications, forensic analysis, agricultural applications, bioremediation, and more.
Recombinant DNA can be created in a variety of ways in nature. However, when it
is created in the lab, some concerns related to safety and ethics surface. These concerns
include the consequences of the potential release of rDNA into nature, interaction
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of created recombinant organisms with wild type organisms, safety of recombinant
organisms in the food chain, and the ethics of altering the DNA of organisms. While
studies generally show that there are minimal safety concerns with recombinant
organisms, this is a relatively new field of research and more years of data will need
to be collected before a final conclusion can be made.
The techniques and applications of recombinant DNA technology are extensive,
but a brief review of the key technologies and tools will be presented here.

Restriction Enzymes
Restriction enzymes, or endonucleases, act as DNA scissors. They are found naturally
in bacteria, where they function as a defense mechanism to disable foreign DNA. These
restriction enzymes have been isolated from bacteria and are used for research purposes. There are many different restriction enzymes (at least 1,000), and each has a specific recognition sequence. This means that they recognize a specific DNA sequence
and then make a cut in the DNA at that point. These cuts can go directly through both
strands of DNA producing blunt ends, or they can make single-stranded cuts on the
DNA resulting in sticky ends as seen in Figure 2-11. Researchers can use particular
restriction enzymes to cut specific sequences of DNA in a predictable manner. DNA
from more than one source can be cut with the same restriction enzyme. The resulting fragments can then be pasted together using the enzyme DNA ligase. The result is
recombinant DNA.
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Production of rDNA
Plasmids are small, self-replicating loops of DNA found naturally in bacterial cells.
These plasmids can be isolated and manipulated in the lab to produce recombinant
DNA. The recombinant plasmid can then be reintroduced into bacteria in a natural
process called transformation that allows bacteria to take in plasmids from their environment. Any foreign DNA that has been inserted into the plasmid is expressed (meaning the proteins that it encodes for will be made) by the bacterial cell.
If a researcher wanted to take a gene from a specific species and insert it into a
plasmid, the first step would be to use the same restriction enzyme to cut the circular
plasmid and to excise the gene of interest. The DNA ligase enzyme could be used to
“glue” the gene into the plasmid that will serve as a vector to carry the gene to another
cell. Now the plasmid could be introduced into a bacterial cell by transformation. Then
the bacterial cell will begin to express the human gene and produce the human protein.
Gene cloning refers to producing multiple copies of a particular gene. Introducing a recombinant plasmid into a bacterial cell and allowing for bacterial replication
would qualify as gene cloning. Viruses can also be engineered to serve as a vector to
carry foreign genes. These viruses can be introduced into host cells that replicate the
recombinant viral DNA, thus cloning the gene.
While transformation is more easily achieved in bacterial cells, it is possible to use
a variety of methods to transform eukaryotic cells.

DNA Libraries
When genes have been cloned into vectors, a library can be produced. In this context,
a DNA library refers to a population of organisms in which each carries a unique DNA
sequence carried by a vector. There are multiple types of DNA libraries that can be
produced. Genomic libraries refer to a population of clones that collectively contain
the entire genome or a particular organism.
In complementary DNA (cDNA) libraries, the DNA carried by the vectors has been
created using mRNA as a starting point. The mRNA is collected, and the enzyme reverse
transcriptase is used to convert the mRNA to DNA form. The DNA created is called
complementary DNA (cDNA). The cDNA is then cloned into a vector. The significance
of cDNA is that it allows one to work with the genes that were being actively expressed
(in the form of mRNA) under specific conditions.
Mutant libraries are helpful in determining the function of genes. This type of
library is formed by forcing mutations in the population of the library. The library can
then be screened and differences in function can be compared. Additionally, knockout mutants can be helpful in analyzing gene function. These mutants are altered to
provide a loss of function to a gene. The knockout can be compared to wild type to see
differences in phenotype and functioning.
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Detection of rDNA
Gel electrophoresis is a method of separating DNA or RNA based on molecular weight.
There are many variations on this technique, but the basic principle is consistent. An
electrical current is applied to the gel containing samples, and the smaller fragments
move more quickly through the gel, while larger fragments migrate more slowly through
the gel. Once the separation has occurred, the fragments can be visualized using
assorted staining methodologies. Gel electrophoresis can also be used for the separation of proteins based on weight and charge.
During gene cloning and library production, it is critical to be able to confirm that
the DNA of interest has in fact been cloned. While there are a variety of ways to do this,
Southern blotting is frequently used. In Southern blotting, the first step requires treatment of the sample with restriction enzymes followed by the separation of DNA via gel
electrophoresis. Following this step, the DNA in the gel is denatured and is transferred
to a membrane. Finally, the membrane containing the DNA is exposed to a probe. The
probe hybridizes to the DNA sample when it finds a complementary match. A variety
of techniques can be used to visualize the hybridization. In addition to Southern blotting, there are other blotting techniques that can be used to detect RNA and proteins
when needed.

DNA Amplification
Polymerase chain reaction (PCR) is a technique used to make multiple copies of a
DNA target sequence. This technology revolutionized DNA technology and has countless applications. Essentially, PCR is a manipulation of the natural processes of DNA
replication. In the PCR procedure seen in Figure 2-12, the target DNA sample to be
copied is mixed with the appropriate ingredients for DNA replication: primers (short
sequences of engineered DNA that bind to a target sequence to initiate the reaction),
nucleotides, and a thermostable DNA polymerase. The mixture of ingredients is cycled
through a heating and cooling process. The heating separates the DNA double helix,
and the cooling allows the primers to hybridize so that DNA polymerase can begin synthesis of the complementary strands. In this way, one copy of DNA has become two. In
the next cycle of heating and cooling, the two copies will become four. Within a fairly
brief number of cycles (and only a couple of hours) millions of copies of the target DNA
can be created.
There are many variations on the PCR procedure, including methods for amplification of cDNA. One of particular interest is real-time PCR (rtPCR), also called quantitative PCR (qPCR). One limitation of traditional PCR techniques is that while they
provide detection of a sample, they do not provide quantitation of samples. In rtPCR,
the sample is simultaneously amplified and quantified.
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DNA Sequencing
DNA sequencing reactions can be performed to determine the sequence of an
unknown DNA sample. Early forms of sequencing relied on chain termination methods. During these reactions, the unknown DNA is mixed with a primer, nucleotides,
and DNA polymerase. The DNA sample is heated to denature the two strands of the
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double helix. Primers then hybridize to their target sequence, and this allows DNA
polymerase to begin replication. This reaction is done four times, once for each of
the four nucleotides (A, T, C, and G). Each time the reaction is performed, a modified version of a single nucleotide is added. This modified nucleotide is missing a 3
hydroxyl group, and once it is incorporated into a DNA strand, no other nucleotides
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FIGURE 2-12 Polymerase chain reaction.
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can be added to it, effectively terminating replication. When the reaction is run the
first time, using T for example, all four normal nucleotides are added, as well as some
of the modified T. Each time a modified T is added to a DNA strand by DNA polymerase,
the reaction stops. The end result is fragments of multiple sizes that were synthesized
by DNA polymerase. This same procedure is repeated using modified A, C, and G. In
the end, the fragments produced by each of the four reactions can be separated based
on their size by gel electrophoresis. These fragments on the gel can then be analyzed
by a computer to indicate the original sequence of the DNA sample.
Because of the cost and time involved with chain termination sequencing, newer
methods have been developed. Methods such as shotgun sequencing and high
throughput sequencing typically use restriction enzymes to fragment DNA prior
to sequencing, and multiple reactions can be run simultaneously. These changes to
sequencing methodology have drastically decreased the time and cost associated with
sequencing and have made it possible to sequence longer runs of DNA than was possible with traditional methods.

DNA Hybridization
To assess the similarities between two samples of DNA, it is necessary to perform a
DNA hybridization reaction. In this procedure, two samples of DNA are heated to
denature the strands of the double helix. The single-stranded DNA samples are mixed
and allowed to hybridize, or anneal, with each other. Hybridization will only occur
between complementary nucleotides. The amount of hybridization that occurs can
be analyzed to determine how similar the two DNA samples are to each other. DNA
hybridization is useful in many situations, whether performing a test for a genetic disease or analyzing the evolutionary relatedness of two species.

Analyzing Gene Expression
The ability to monitor changes in gene expression based on cellular environment can
be achieved using microarrays. A microarray is also referred to as a DNA chip. These
chips are spotted with many samples of genes, and the chip is exposed to a cDNA sample. Any spot where the cDNA hybridizes on the chip would be indicative of expression
of that gene. Microarray technology is particularly valuable in comparing gene expression under varying conditions. For example, microarray technology has led to better
understanding of which genes are expressed (and not expressed) during various types
of cancer. Microarray technology can also be used to help determine gene function.

