
1. INTRODUCTION
Chemists and early biochemists determined the essential

building blocks of living cells and characterized their chemical
nature. Among these building blocks were nucleic acids, long-
chain polymers composed of nucleotides. Nucleic acids were
named based partly on their chemical properties and partly on the
observation that they represent a major constituent of the cell
nucleus. That nucleic acids form the chemical basis for the trans-
mission of genetic traits was not realized until about 60 years ago
(1,2). Prior to that time, there was considerable disagreement
among scientists as to whether genetic information was contained
in and transmitted by proteins or nucleic acids. It was recognized
that chromosomes contained deoxyribonucleic acid as a primary
constituent, but it was not known if this DNA carried genetic
information or merely served as a scaffold for some undiscovered
class of proteins that carried genetic information. However, the
demonstration that genetic traits could be transmitted through
DNA formed the basis for numerous investigations focused on
elucidation of the nature of the genetic code. During the last half-
century, numerous investigators have participated in the scientific
revolution leading to modern molecular biology. Of particular sig-
nificance were the elucidation of the structure of DNA (3–9),
determination of structure–function relationships between DNA
and RNA (10,11), and acquisition of basic insights into the
processes of DNA replication, RNA transcription, and protein
synthesis (12–19). Molecular pathology represents the applica-
tion of the principles of basic molecular biology to the investiga-
tion of human disease processes. Our ever broadening insights
into the molecular basis of disease processes continues to provide
an opportunity for the clinical laboratory to develop and imple-
ment new and novel approaches for diagnosis and prognostic
assessment of human disease.

2. THE CENTRAL DOGMA OF MOLECULAR
BIOLOGY

Molecular biology has developed into a broad field of scien-
tific pursuit and, at the same time, has come to represent a basic
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component of most other basic research sciences. This has
come about through the rapid expansion of our insights into
numerous basic aspects of molecular biology and the develop-
ment of an understanding of the fundamental interaction among
the several major processes that comprise the larger field of
investigation. A theory, referred to as the “central dogma,”
describes the interrelationships among these major processes
(20,21). The central dogma defines the paradigm of molecular
biology that genetic information is perpetuated as sequences of
nucleic acid, but that genes function by being expressed in the
form of protein molecules (20). The flow of genetic informa-
tion among DNA, RNA, and protein that is described by the
central dogma is illustrated in Fig. 1. Individual DNA mole-
cules serve as templates for either complementary DNA strands
during the process of replication or complementary RNA mol-
ecules during the process of transcription. In turn, RNA mole-
cules serve as blueprints for the ordering of amino acids by
ribosomes during protein synthesis or translation. This simple
representation of the complex interactions and interrelation-
ships among DNA, RNA, and protein was proposed and
commonly accepted shortly after the discovery of the struc-
ture of DNA. Nonetheless, this paradigm still holds more
than 45 years later and continues to represent a guiding princi-
ple for molecular biologists involved in all areas of basic bio-
logical, biomedical, and genetic research. 

3. CHEMICAL NATURE OF DNA
Deoxyribonucleic acid is a polymeric molecule that is com-

posed of repeating nucleotide subunits. The order of nucleotide
subunits contained in the linear sequence or primary structure
of these polymers represents all of the genetic information car-
ried by a cell. Each nucleotide is composed of (1) a phosphate
group, (2) a pentose (5 carbon) sugar, and (3) a cyclic nitrogen-
containing compound called a base. In DNA, the sugar moiety
is 2-deoxyribose. Eukaryotic DNA is composed of four differ-
ent bases: adenine, guanine, thymine, and cytosine. These bases
are classified based on their chemical structure into two groups:
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Adenine and guanine are double-ring structures termed purines,
and thymine and cytosine are single-ring structures termed
pyrimidines (Fig. 2). Within the overall composition of DNA,
the concentration of thymine is always equal to the concentra-
tion of adenine, and the concentration of cytosine is always
equal to guanine (22,23). Thus, the total concentration of pyrim-
idines always equals the total concentration of purines. These
monomeric units are linked together into the polymeric structure
by 3′, 5′-phosphodiester bonds (Fig. 3). Natural DNAs display
widely varying sizes depending on the source. Relative molecu-
lar weights range from 1.6 × 106 Daltons for bacteriophage
DNA to 1 × 1011 Daltons for a human chromosome. 

4. STRUCTURE OF DNA
The structure of DNA is a double helix, composed of two

polynucleotide strands that are coiled about one another in a spi-
ral (3,4). Each polynucleotide strand is held together by phospho-
diester bonds linking adjacent deoxyribose moieties. The two
polynucleotide strands are held together by a variety of noncova-
lent interactions, including lipophilic interactions between adja-
cent bases and hydrogen-bonding between the bases on opposite
strands. The sugar-phosphate backbones of the two complemen-
tary strands are antiparallel; that is, they possess opposite chemi-
cal polarity. As one moves along the DNA double helix in one
direction, the phosphodiester bonds in one strand will be oriented
5′–3′, whereas in the complementary strand, the phosphodiester
bonds will be oriented 3′–5′. This configuration results in base-
pairs being stacked between the two chains perpendicular to the
axis of the molecule. The base-pairing is always specific: Adenine
is always paired to thymidine, and guanine is always paired to
cytosine. This specificity results from the hydrogen-bonding
capacities of the bases themselves. Adenine and thymine form two
hydrogen bonds, and guanine and cytosine form three hydrogen
bonds. The specificity of molecular interactions within the DNA
molecule allows one to predict the sequence of nucleotides in one
polynucleotide strand if the sequence of nucleotides in the com-
plementary strand is known (24). Although the hydrogen bonds
themselves are relatively weak, the number of hydrogen bonds
within a DNA molecule results in a very stable molecule that
would never spontaneously separate under physiological condi-
tions. There are many possibilities for hydrogen-bonding between
pairs of heterocyclic bases. Most important are the hydrogen-
bonded basepairs A:T and G:C that were proposed by Watson and
Crick in their double-helix structure of DNA (3,24). However,
other forms of base-pairing have been described (25,26). In addi-
tion, hydrophobic interactions between the stacked bases in the
double helix lend additional stability to the DNA molecule. 
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Three helical forms of DNA are recognized to exist: A, B,
and Z (27). The B conformation is the dominate form under
physiological conditions. In B DNA, the basepairs are stacked
0.34 nm apart, with 10 basepairs per turn of the right-handed
double helix and a diameter of approx 2 nm. Like B DNA, the
A conformer is also a right-handed helix. However, A DNA
exhibits a larger diameter (2.6 nm), with 11 bases per turn of
the helix, and the bases are stacked closer together in the helix
(0.25 nm apart). Careful examination of space-filling models of
A and B DNA conformers reveals the presence of a major
groove and a minor grove (27). These grooves (particularly the
minor groove) contain many water molecules that interact
favorably with the amino and keto groups of the bases. In these
grooves, DNA-binding proteins can interact with specific DNA
sequences without disrupting the base-pairing of the molecule.
In contrast to the A and B conformers of DNA, Z DNA is a left-
handed helix. This form of DNA has been observed primarily
in synthetic double-stranded oligonucleotides, especially those
with purine and pyrimidines alternating in the polynucleotide
strands. In addition, high salt concentrations are required for
the maintenance of the Z DNA conformer. Z DNA possesses a
minor groove but no major groove, and the minor groove is suf-
ficiently deep that it reaches the axis of the DNA helix. The nat-
ural occurrence and potential physiological significance of Z
DNA in living cells has been the subject of much speculation.
However, these issues with respect to Z DNA have not yet been
fully resolved.

5. SEQUENCE OF THE HUMAN GENOME
The diploid genome of the typical human cell contains approx

3 × 109 basepairs of DNA that is subdivided into 23 pairs of
chromosomes (22 autosomes and sex chromosomes X and Y). It
has long been suggested that discerning the complete sequence
of the human genome would enable the genetic causes of human
disease to be investigated (28–30). Practical methods for DNA
sequencing appeared in the mid to late 1970s (31–33), and
numerous reports of DNA sequences corresponding to segments
of the human genome began to appear. In the mid-1980s, a proj-
ect to sequence the complete human genome was proposed, and
this project began in the later years of that decade. The develop-
ment of automated methods for DNA sequencing (34,35) made
the ambitious goals of the Human Genome Project attainable
(36,37). Subsequently, detailed genetic and physical maps of the
human genome appeared (38–43), expressed sequences were
identified and characterized (44–46), and gene maps of the
human genome were constructed (47,48). Efforts by several con-
sortiums using differing approaches (49–51) to large-scale
sequencing of human DNA and sequence contig assembly cul-
minated in 2001 with the publication of a draft sequence of the
human genome (52,53). The actual number of genes contained in
the human genome is not yet known. Early estimates suggested
that the human genome might contain 70,000 to 100,000 genes
(54–56). However, more recently, the number of genes contained
in the human genome has been estimated to be approximately
30,000–40,000 (52,53,57,58). Early analysis of the draft
sequences of the human genome revealed considerable variabil-
ity between individuals, including in excess of 1.1–1.4 million
single-nucleotide polymorphisms (SNPs) distributed throughout

Fig. 1. The central dogma of molecular biology. The central dogma
defines the paradigm of molecular biology that genetic information is
perpetuated as sequences of nucleic acid, but that genes function by
being expressed in the form of protein molecules. (From ref. 20.)
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the genome (53,59). Refinement of the human genome sequence,
identification and characterization of the genes contained, and
description of the features of the genome (SNPs and other varia-
tions) continues at a rapid pace (http://www.nhgri.nih.gov/). In
early 2003, it was announced that the Human Genome Project
had completely sequenced 99% of the gene-containing portion of
the human genome, and new plans and goals for genomics
research were described (60,61).

6. ORGANIZATION OF GENOMIC DNA
The human genomic DNA is packaged into discreet structural

units that vary in size and genetic composition. The structural unit
of DNA is the chromosome, which is a large continuous segment
of DNA (62). A chromosome represents a single genetically spe-
cific DNA molecule to which are attached a large number of pro-
tein molecules that are involved in the maintenance of
chromosome structure and regulation of gene expression (63).
Genomic DNA contains both “coding” and “noncoding”
sequences. Noncoding sequences contain information that does
not lead to the synthesis of an active RNA molecule or protein
(54,64). This is not to suggest that noncoding DNA serves no
function within the genome. On the contrary, noncoding DNA
sequences have been suggested to function in DNA packaging,
chromosome structure, chromatin organization within the nucleus,
or in the regulation of gene expression (65,66). A portion of the
noncoding sequences represent intervening sequences that split
the coding regions of structural genes. However, the majority of
noncoding DNA falls into several families of repetitive DNA
whose exact functions have not been entirely elucidated (67,68).

Coding DNA sequences give rise to all of the transcribed
RNAs of the cell, including mRNA. The organization of tran-
scribed structural genes consists of coding regions that are inter-
rupted by intervening noncoding regions of DNA (Fig. 4). Thus,
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the primary RNA transcripts contain both coding and noncoding
sequences. The noncoding sequences must be removed from the
primary RNA transcript during processing to produce a func-
tional mRNA molecule appropriate for translation. 

7. DNA FUNCTION
DNA serves two important functions with respect to cellular

homeostasis: the storage of genetic information and the trans-
mission of genetic information. In order to fulfill both of these
functions, the DNA molecule must serve as a template. The cel-
lular DNA provides the source of information for the synthesis
of all the proteins in the cell. In this respect, DNA serves as a
template for the synthesis of RNA. In cell division, DNA serves
as the source of information inherited by progeny cells. In this
case, DNA serves as a template for the faithful replication of the
genetic information that is ultimately passed into daughter cells.

7.1. TRANSCRIPTION OF RNA Contained within the
linear nucleotide sequence of the cellular DNA is the informa-
tion necessary for the synthesis of all the protein constituents of
a cell (Table 1). Transcription is the process in which mRNA is
synthesized with a sequence complementary to the DNA of a
gene to be expressed. The correct start and end points for tran-
scription of a specific gene are identified in the DNA by a pro-
moter sequence upstream of the gene and a termination signal
downstream (Fig. 4). In the case of RNA transcription, only one
strand of the DNA molecule serves as a template. This strand is
referred to as the “sense” strand. Transcription of the sense
strand ultimately yields a mRNA molecule that encodes the
proper amino acid sequence for a specific protein. 

7.2. REPLICATION OF DNA The double-stranded
model of the structure of DNA strongly suggests that replica-
tion of the DNA can be achieved in a semiconservative manner
(69–72). In semiconservative replication, each strand of the

Fig. 2. The chemical structure of purine and pyrimidine deoxyribonucleosides.
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DNA helix serves as a template for the synthesis of comple-
mentary DNA strands. The result is the formation of two com-
plete copies of the DNA molecule, each consisting of one
strand derived from the parent DNA molecule and one newly
synthesized complementary strand. The utilization of the DNA
strands as the template for the synthesis of new DNA ensures
the faithful reproduction of the genetic material for transmis-
sion into daughter cells (19).

7.3. GENETIC RECOMBINATION Genetic recombina-
tion represents one mechanism for the generation of genetic
diversity through the exchange of genetic material between two
homologous nucleotide sequences (73,74). Such an exchange of
genetic material often results in alterations of the primary struc-
ture (nucleotide sequence) of a gene and, subsequently, alter-
ation of the primary structure of the encoded protein product. In
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organisms that reproduce sexually, recombination is initiated by
formation of a junction between similar nucleotide sequences
carried on the same chromosome from the two different parents.
The junction is able to move along the DNA helix through
branch migration, resulting in an exchange of the DNA strands. 

7.4. DNA REPAIR Maintenance of the integrity of the
informational content of the cellular DNA is absolutely
required for cellular and organismal homeostasis (75,76). The
cellular DNA is continuously subjected to structural damage
through the action of endogenous or environmental mutagens.
In the absence of efficient repair mechanisms, stable mutations
can be introduced into DNA during the process of replication at
damaged sites within the DNA. Mammalian cells possess sev-
eral distinct DNA repair mechanisms and pathways that serve
to maintain DNA integrity, including enzymatic reversal repair,

Fig. 3. The chemical structure of repeating nucleotide subunits in DNA and RNA. Each panel shows the sugar-phosphate backbone of a single
polynucleotide strand of nucleic acid composed of four nucleotide subunits. The stippled area highlights a 3′–5′ phosphodiester bond.
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nucleotide excision repair, and postreplication repair (77,78).
Several steps in the process of DNA repair are shared by these
multiple pathways, including (1) recognition of sites of damage,
(2) removal of damaged nucleotides, and (3) restoration of the
normal DNA sequence. Each of these steps in DNA repair are
accomplished by specific proteins and enzymes. Surveillance of
the cellular DNA is a continual process involving specific aspects
of the transcription and replication machinery. However, in each
case where the restoration of the normal DNA sequence is
accomplished through the replacement of damaged nucleotides,
the undamaged DNA strand serves as a template in the repair
process. This ensures the faithful reproduction of the primary
structure of the DNA at the damaged site.
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8. CHEMICAL NATURE OF RNA
Like DNA, RNA is composed of repeating purine and pyrim-

idine nucleotide subunits. However, several distinctions can be
made with respect to the chemical nature of RNA and DNA.
Unlike the 2′-deoxyribose sugar moiety of DNA, the sugar moi-
ety in RNA is ribose. Like DNA, RNA usually contains adenine,
guanine, and cytosine, but does not contain thymidine. In place
of thymidine, RNA contains uracil. The concentration of purines
and pyrimidine bases do not necessarily equal one another in
RNA because of the single-stranded nature of the molecule. The
monomeric units of RNA are linked together by 3′,5′-phosphodi-
ester bonds analogous to those in DNA (Fig. 3). RNAs have
molecular weights between 1 × 104 Daltons for transfer RNA
(tRNA) and 1 × 107 Daltons for ribosomal RNA (rRNA).

9. STRUCTURE AND FUNCTION OF RNA
RNA exists as a long, regular, unbranched polynucleotide

strand. The informational content of the RNA molecule is con-
tained in its primary structure or nucleotide sequence. In spite of
the fact that RNA exists primarily as a single-stranded molecule,
significant higher-order structures are often formed in individual
RNA molecules. In some cases, this higher-order structure is
related to the actual function of the molecule. Three major classes
of RNA are found in eukaryotic organisms: messenger RNA
(mRNA), transfer RNA (tRNA), and ribosomal RNA (rRNA).
Each class differs from the others in the size, function, and gen-
eral stability of the RNA molecules (79). Minor classes of RNA
include heterogeneous nuclear RNA (hnRNA), small nuclear
RNA (snRNA), and small cytoplasmic RNA (scRNA).

9.1. STRUCTURE AND FUNCTION OF MESSENGER
RNA The ability of DNA to serve directly as a template for
the synthesis of protein is precluded by the observations that
protein synthesis takes place in the cytoplasm, whereas almost
all of the cellular DNA resides in the nucleus. Thus, genetic
information contained in the DNA must be transferred to an

Fig. 4. Basic organization of a structural gene in DNA and biogenesis of mature mRNAs.

Table 1
The Universal Genetic Code

Second position
First position Third position

(5′ end) U C A G (3′ end)

U Phe Ser Tyr Cys U
U Phe Ser Tyr Cys C
U Leu Ser Stop Stop A
U Leu Ser Stop Trp G

C Leu Pro His Arg U
C Leu Pro His Arg C
C Leu Pro Gln Arg A
C Leu Pro Gln Arg G

A Ile Thr Asn Ser U
A Ile Thr Asn Ser C
A Ile Thr Lys Arg A
A Met Thr Lys Arg G

G Val Ala Asp Gly U
G Val Ala Asp Gly C
G Val Ala Glu Gly A
G Val Ala Glu Gly G
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intermediate molecule that is translocated into the cell cyto-
plasm, where it directs the ordering of amino acids in protein syn-
thesis. RNA fulfills this role as the intermediate molecule for the
transport and translation of genetic information (11). Messenger
RNA molecules represent transcripts of structural genes that
encode all of the information necessary for the synthesis of a sin-
gle-type polypeptide of protein. Thus, mRNAs serve two impor-
tant functions with respect to protein synthesis: (1) mRNAs
deliver genetic information to the cytoplasm where protein syn-
thesis takes place and (2) mRNAs serve as a template (or blue-
print) for translation by ribosomes during protein synthesis.

Mammalian cells (among others) express “interrupted”
genes; that is, genes with coding sequences are not contiguous
(continuous) in the DNA, and that require a posttranscriptional
modification prior to translation of protein products (Fig. 4).
The majority of structural genes in the higher eukaryotic organ-
isms are interrupted. The average gene contains 7–10 exons,
spread over 10–20 kb of DNA. For instance, the p53 tumor sup-
pressor gene is composed of 11 exons, occupies approx 16 kb
in the genomic DNA, and produces a 2-kb mRNA (80–82).
However, other genes are much larger. For example, the Rb1
tumor suppressor gene occupies 200 kb in the genomic DNA,
contains 27 exons, and gives rise to a 4.7-kb mRNA (83–85).
The primary RNA transcript exhibits the same overall structure
and organization as the structural gene and is often referred to
as the pre-mRNA. Removal of intronic sequences yields a
mature mRNA that is considerably smaller with an average size
of 1–3 kb. The process of removing the intronic sequences is
called RNA splicing (86–88). 

The primary products of RNA transcription in the nucleus com-
pose a special class of RNAs that are characterized by their large
size and heterogeneity (79). These RNA molecules are referred to
as heterogeneous nuclear RNAs (hnRNAs). Heterogeneous
nuclear RNAs contain both intronic and exonic sequences
encoded in the template DNA of structural genes. These hnRNAs
are processed in the nucleus (87,89,90) to give mature mRNAs
that are transported into the cytoplasm, where they participate in
protein synthesis. Nuclear processing of RNA involves (1) chemi-
cal modification reactions (addition of the 5′ CAP), (2) splicing
reactions (removal of intronic sequences), and (3) polyadenylation
[addition of the 3′ poly(A) tail]. Additional processing of some
specific mRNAs occurs in the cell cytoplasm, including RNA edit-
ing reactions (91–93). It has been suggested that some snRNAs
function in the processing of hnRNAs (94). Mature mRNAs are
transported into the cytoplasm of the cell, where they participate in
the translational processes of protein synthesis.

In RNA splicing, intronic sequences are specifically removed
from the primary RNA transcript and the remaining exonic
sequences are rejoined into one molecule. There is no extensive
homology or complementarity between the two ends of an
intron precluding the general possibility that intronic sequences
form extensive secondary structures (such as a hairpin loop) as
a preliminary step in the splicing reaction. The splice junctions
represent short, well-conserved consensus sequences. The generic
intron contains a GT sequence at the 5′ boundary and an AG
sequence at the 3′ boundary (Fig. 5). The 5′ and 3′ splice junc-
tions are often referred to as the splice donor and splice accep-
tor sites, respectively. Splice sites are generic in that they do not
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exhibit specificity for individual RNA precursors, and individ-
ual precursors do not convey specific information that is
required for splicing. In principle, any splice donor site can
react with any splice acceptor site. However, under normal con-
ditions, these reactions are restricted to the donor and acceptor
sites of the same intron. Analysis of molecular intermediates
formed during the splicing of large precursor RNAs suggests
that the introns are removed in a definitive pattern or through a
preferred pathway that dictates the general order of intron
removal. This suggestion might imply a mechanism in which
the conformation of precursor RNA molecules limits the acces-
sibility of splice junctions, such that as specific introns are
removed, the conformation of the molecule changes and new
splice sites become available. However, several other plausible
mechanims exists that could account for the observed patterns
of splicing in RNAs that have been examined in detail
(86,89,90). The RNA sequences that are required for success-
ful splicing include (1) the 5′ splice donor and 3′ splice accep-
tor consensus sequences and (2) a consensus sequence known
as the branch site. The branch site is located approx 20–40
bases upstream of the 3′-terminus of the intronic sequence and
conforms to the following consensus sequence: Py-N-Py-Py-
Pu-A-Py. The role of the branch site is to identify the nearest
splice acceptor site for connection to the splice donor site. The
first step in splicing involves a cleavage of the RNA molecule
at the 5′ end of the intron. The resulting intron–exon molecule
forms a structure known as a lariat, through the formation of a
5′–2′ bond between the G residue located at the 5′ end of the
intron and the adenine residue of the branch site. The second
step involves cleavage of the RNA molecule at the 3′ splice site
This cleavage releases the intron in lariat form, which is subse-
quently degraded. 

The 5′-termini of all eukaryotic mRNAs are modified post-
tracriptionally, through enzymatic reactions occuring in the
nucleus and in the cytoplasm of the cell. Initially, a guanine
residue is added to the 5′-termini of primary mRNA transcripts
through the action of an enzyme called guanylyl transferase.
This reaction occurs in the nucleus soon after the intitiation of
transcription. This guanine residue is linked to the first coded

Fig. 5. Fundamental aspects of RNA splicing.
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nucleoside triphosphate through a 5′–5′ triphosphate linkage,
rather than a 3′–5′ phosphodiester bond. Thus, this guanine
residue occurs in the structure of the mRNA in reverse orienta-
tion from all the other nucleotides. The modified 5′-terminus is
referred to as a “CAP” and is the site of additional modification
reactions involving the addition of methyl groups. These addi-
tional modifications are catalyzed by enzymes located in the
cytoplasm of the cell. The first methylation occurs in all mRNAs
and consists of the addition of a methyl group to the 7-position
of the terminal guanine through the action of guanine-7-methyl-
transferase. Additional methylation reactions can occur involv-
ing the additional bases at the 5′-terminus of the mRNA
transcript, and less frequently, internal methylation of bases
within an mRNA molecule takes place.

The poly(A) tail possessed by most eukaryotic mRNAs is
not encoded in the DNA; rather, it is added to the RNA in the
nucleus after transcription of the structural gene is complete.
The addition of the poly(A) tail is catalyzed by the enzyme
poly(A) polymerase, which adds approx 200 adenosine
residues to the free 3′-OH terminus of the primary RNA tran-
script. The precise function of the poly(A) tail is unknown, but
has been speculated to be involved in mRNA stability or in con-
trol of mRNA utilization (95). Although the removal of the
poly(A) tail does precede degradation of certain mRNAs, a sys-
tematic correlation between mRNA stability or survival, and
the length or presence of the poly(A) tail has not been estab-
lished. Removal of the poly(A) tail can inhibit the initiation of
translation in vitro, suggesting a potential role for this structure
in the control of mRNA translation. However, it is not clear
whether this effect is related to a direct influence of poly(A)
structures on the initiation reaction or the result of some indi-
rect cause.

Some other forms of posttranscriptional RNA processing
occur with respect to a small subset of eukaryotic mRNAs. The
process of RNA editing involves a posttranscriptional alteration
of the informational content of a specific mRNA (91). The edit-
ing of RNA is revealed when the linear sequence of the mRNA
molecule differs from the coding sequence carried in the DNA.
In mammalian cells, there are examples where substitution of a
single base occurs in the mRNA, resulting in an alteration of an
amino acid in the final protein product. Because no known tem-
plate source mediates the RNA editing reaction, the most likely
mechanism for mRNA editing would involve a specific enzyme
that can recognize the sequence or secondary structure of the
specific target mRNA and catalyze the specific base substitu-
tion. However, there are examples of RNA editing in some
lower eukaryotes that utilize “guide RNA,” which directs the
RNA editing reaction (96). The final result of RNA editing is
the generation protein products representing more than one
polypeptide sequence from a single coding gene. The different
protein products might possess different biological activities,
suggesting that RNA editing might represent a mechanism for
controlling the functional expression of genes through a post-
transcriptional process that does not impact the normal mecha-
nisms for controlling levels of gene expression.

9.2. STRUCTURE AND FUNCTION OF TRANSFER
RNA Transfer RNAs are small molecules consisting of
approx 75–80 nucleotides. Like mRNAs, tRNA is generated
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through nuclear processing of precursor RNA transcripts. The
structure of the tRNA molecule reflects its function as an
adapter between the mRNA and amino acids during protein
synthesis. Specific tRNAs correspond to each of the amino
acids utilized in protein synthesis in any particular cell type.
Although the specific tRNAs differ from each other with
respect to their actual nucleotide sequence, tRNAs as a class of
RNA molecules share several common structural features.
Each tRNA contains information in the primary structure or
nucleotide sequence that dictates the higher-order structure of
the molecule. The secondary structure of the tRNA resembles a
cloverleaf (97). The folding of the cloverleaf structure is main-
tained through intrastrand sequence complementarity and base-
pairing interactions between nucleotides. In addition, each
tRNA contains an ACC sequence at the 3′-terminus and an anti-
codon loop (97). Amino acids are attached to their specific
tRNA through an ester bond to the 3′-hydroxyl group of the ter-
minal adenine of the ACC sequence. The anticodon loop recog-
nizes the triplet codon of the template mRNA during the
process of translation. With the exception of the codons encod-
ing methionine and tryptophan, there are at least two possible
codons for each amino acid (Table 1). Nonetheless, each amino
acid has only one corresponding tRNA. Thus, the hydrogen-
bonding between nucleotides of the codon and anticodon often
involve “wobble” pairing (98). This form of base-pairing
allows mismatches in the third base of a codon triplet. In the
overall structure–function relationship in tRNA, the nucleotide
sequence of the anticodon loop dictates which amino acid will
be attached to the ACC sequence of the tRNA.

Transfer RNAs serve as adapters between the mRNA tem-
plate and the amino acids of growing polypeptide chains during
the process of protein translation (97); that is, the tRNA serves to
ferry the appropriate amino acid into the active site of the ribo-
some, where it becomes incorporated into the growing polypep-
tide being synthesized. Amino acids are coupled to their specific
tRNA through the action of enzymes called aminoacyl tRNA
synthetases. The specificity of the “charging” reaction is critical
to the integrity of the translation process because the incorpora-
tion of amino acids at the level of the ribosome depends wholly
on the sequence of the anticodon portion of the tRNA molecule.
The charged tRNA the mRNA through the transient hybridiza-
tion of the codon and anti-codon RNA sequences in the ribosome
complex as it moves along the mRNA. The entry of the charged
tRNA into the active site of the ribosome brings its associated
amino acid into juxtaposition with the nascent polypeptide, facil-
itating the formation of a peptide bond. In this manner, the tRNA
provides a link between the genetic information contained in the
mRNA and the linear sequence of amino acids represented in the
resulting polypeptide product.

9.3. STRUCTURE AND FUNCTION OF RIBOSOMAL
RNA The ribosome is a nucleoprotein that serves as the pri-
mary component of a cell’s protein synthesis machinery. The
ribosome is a complex structure consisting of two subunit parti-
cle types (60S and 40S). The overall composition of the fully
assembled ribosome includes at least 4 distinct rRNA molecules
and nearly 100 specific protein subunits. The major rRNAs in
mammalian cells were named for their molecular size as deter-
mined by their sedimentation rates. Three of these rRNAs (5S,
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5.8S, and 28S) are components of 60S ribosomal particle. The
smaller 40S ribosomal particle contains a single 18S rRNA. The
5.8S, 18S, and 28S rRNAs are the products of the processing of
a single 45S precursor RNA molecule. The 5S rRNA is independ-
ently transcribed and processed. The rRNAs assemble with ribo-
somal protein subunits in the nucleus. The precise role of rRNA
in the function of the ribosome is not completely understood (99).
However, it is recognized that interactions between the rRNAs of
the ribosomal subunits might be important in the overall structure
of the functioning ribosomal particle. In addition, rRNA
sequences can interact with ribosome-binding sequences of
mRNA during the initiation of translation. Likewise, it is likely
that rRNAs bind to invariant tRNA sequences when these mole-
cules enter the active site of the ribosome (99). 

9.4. SPECIAL RNA STRUCTURES Higher-order RNA
structures exhibit hydrogen-bonding between A:U and G:C
basepairs. Several specific higher-order RNA structures have
been recognized (Table 2) and characterized in detail (100).
Hairpin loops consist of a double-stranded stem and a single-
stranded loop that bridges one end of the stem. These structures
are essential components of more complex RNA structures and
probably serve as nucleation sites for RNA folding. Loops can
also function as recognition sites for protein–RNA interactions.
Internal loops represent interruptions in double-stranded RNA
caused by the presence of nucleotides on both strands that can-
not participate in Watson–Crick base-pairing. Several impor-
tant functions are associated with internal loops, including
protein-binding sites and ribozyme cleavage sites. In many
cases, internal loops have been shown to represent highly
ordered structures maintained by the formation of non-
Watson–Crick basepairs. Bulges are structural motifs contained
within double-stranded RNA molecules with unpaired
nucleotides on only one strand. RNA bulges contribute to the
formation of more complex, higher-order RNA structures and
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can also serve as recognition sites for protein–RNA interaction.
Nucleotide triples occur when single-stranded RNA sequences
form hydrogen bonds with nucleotides that are already base-
paired. These interactions serve to stabilize three-dimensional
RNA structures and to orient regions of RNA secondary struc-
ture in large RNA molecules. Pseudoknots are tertiary struc-
tural elements that result from base-pairing between nucleotide
sequences contained within a loop structure and sequences out-
side the loop structure. These are important in RNA self-splicing,
translational autoregulation, and ribosomal frameshifting.

10. DNA DAMAGE, MUTAGENESIS, AND THE
CONSEQUENCES OF MUTATION

DNA damage can result from spontaneous alteration of the
DNA molecule or from the interaction of numerous chemical
and physical agents with the structural DNA molecule (101).
Spontaneous lesions can occur during normal cellular
processes, such as DNA replication, DNA repair, or gene
rearrangement (78), or through chemical alteration of the DNA
molecule itself as a result of hydrolysis, oxidation, or methyla-
tion (102,103). In most cases, DNA lesions create nucleotide
mismatches that lead to point mutations. Nucleotide mismatches
can result from the formation of apurinic or apyrimidinic sites
following depurination or depyrimidination reactions (103),
nucleotide conversions involving deamination reactions (78),
or, in rare instances, from the presence of a tautomeric form
of an individual nucleotide in replicating DNA. Deamination
reactions can result in the conversion of cytosine to uracil,
adenine to hypoxanthine, and guanine to xanthine (78).
However, the most common nucleotide deamination reaction
involves methylated cytosines, which can replace cytosine
in the linear sequence of a DNA molecule in the form of 
5-methylcytosine. The 5-methylcytosine residues are always
located next to guanine residues on the same chain, a motif

Table 2
Secondary and Tertiary Structural Motifs in RNA

Structure Description Functions

Hairpin loops Single-stranded loop that bridges one end of a Component of more complex RNA structures; 
double-stranded stem May serve as a nucleation site for RNA folding, or

recognition sites for protein–RNA interaction

Internal loops Interruptions in double-stranded RNA caused by Protein-binding sites and ribozyme cleavage sites
the presence of nucleotides on both strands that 
cannot participate in Watson–Crick base-pairing

Bulges Double-stranded RNA molecules with unpaired Contribute to the formation of more complex RNA
nucleotides on only one strand structures; recognition sites for protein–RNA

interactions.

Nucleotide triples Triple helical structures that form through hydrogen Orient regions of secondary structure in large RNA
bonding between nucleotides of a single-stranded molecules and stabilize three-dimensional RNA
RNA molecule and nucleotides within a double- structures.
stranded RNA molecule; hydrogen bonds can
involve nucleotide bases, sugars, or phosphate groups

Pseudoknots Results from base-pairing between nucleotide RNA self-splicing, autoregulation of translational
sequences within an RNA loop structure and a processes, and ribosome frameshifting
complementary nucleotide sequence outside the 
RNA loop
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referred to as a CpG island. The deamination of 5′-methylcytosine
results in the formation of thymine. This particular deamination
reaction accounts for a large percentage of spontaneous muta-
tions in human disease (104–106). Interaction of DNA with
physical agents, such as ionizing radiation, can lead to single- or
double-strand breaks as a result of scission of phosphodiester
bonds on one or both polynucleotide strands of the DNA mole-
cule (78). Ultraviolet (UV) light can produce different forms of
photoproducts, including pyrimidine dimers between adjacent
pyrimidine bases on the same DNA strand. Other minor forms
of DNA damage caused by UV light include strand breaks and
crosslinks (78). Nucleotide base modifications can result from
exposure of the DNA to various chemical agents, including N-
nitroso compounds and polycyclic aromatic hydrocarbons (78).
DNA damage can also be caused by chemicals that intercalate
the DNA molecule and/or crosslink the DNA strands (78).
Bifunctional alkylating agents can cause both intrastrand and
interstrand crosslinks in the DNA molecule. 

The various forms of spontaneous and induced DNA dam-
age can give rise to a plethora of different types of molecular
mutation (107). These various types of mutation include both
gross alteration of chromosomes and more subtle alterations to
specific gene sequences in otherwise normal chromosomes.
Gross chromosomal aberrations include (1) large deletions, (2)
additions (reflecting amplification of DNA sequences), and (3)
translocations (reciprocal and nonreciprocal). All of these
forms of chromosomal abnormality can be distinguished
through standard karyotype analyses of G-banded chromo-
somes (Fig. 6). The major consequence of chromosomal dele-
tion is the loss of specific genes that are located in the deleted
chromosomal region, resulting in changes in the copy number
of the affected genes. The deletion of certain classes of genes
such as tumor suppressor genes or genes encoding the proteins
involved in DNA repair can predispose cells to neoplastic trans-
formation (108,109). Likewise, amplification of chromosomal
regions results in an increase in gene copy numbers, which can
lead to the same type of circumstance if the affected region
contains genes for dominant proto-oncogenes or other positive
mediators of cell cycle progression and proliferation
(108–110). The direct result of chromosomal translocation is
the movement of some segment of DNA from its natural loca-
tion into a new location within the genome, which can result in
altered expression of the genes that are contained within the
translocated region. If the chromosomal breakpoints utilized in
a translocation are located within structural genes, then new
hybrid genes can be generated. 

The most common forms of mutation involve single-
nucleotide alterations, small deletions, or small insertions into
specific gene sequences. These microscopic alterations very
often can only be detected through DNA sequencing. Single-
nucleotide alterations that involve a change in the normal cod-
ing sequence of the gene are referred to as point mutations. The
consequence of most point mutations is an alteration in the
amino acid sequence of the encoded protein. However, some
point mutations are “silent” and do not affect the structure of
the gene product (Table 3). Silent mutations are possible
because most amino acids can be encoded by more than one
triplet codon (Table 1). Point mutations fall into two classes:
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missense mutations and nonsense mutations. Missense muta-
tions involve nucleotide base substitutions that alter the trans-
lation of the affected codon triplet. In contrast, nonsense
mutations involve nucleotide base substitutions that modify a
triplet codon that normally encodes for an amino acid into a

Fig. 6. Forms of gross chromosomal aberrations. Three examples of
chromosomal aberrations are demonstrated using a standard G-band
ideogram of human chromosome 11. The asterisks denote the chromo-
somal band that has expanded as a result of DNA amplification. The
stippled area highlights a region from another chromosome that has
been translocated to the long arm of the starting chromosome, displac-
ing the normal qter region without altering the overall size of the chro-
mosome (note the differences in G-banding in this region).
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translational stop codon. This results in the premature termina-
tion of translation and the production of a truncated protein
product. Small deletions and insertions can usually be classi-
fied as frameshift mutations because the deletion or insertion of
a single nucleotide (for instance) alters the reading frame of the
gene on the 3′ side of the affected site. This results in the syn-
thesis of a polypeptide product that might bear no resemblance
to the normal gene product (Table 3). In addition, small inser-
tions or deletions can result in the premature termination of
translation resulting from the presence of a stop codon in the
new reading frame of the mutated gene. Deletions or insertions
that occur involving multiples of three nucleotides will not
result in a frameshift mutation, but will alter the resulting
polypeptide gene product, which will exhibit either loss of spe-
cific amino acids or the presence of additional amino acids
within its primary structure. These types of alteration can also
lead to a loss of protein function.
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