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Introduction

Molecular biology entails the analysis and study of the
chemical organization of the cell. Molecules comprise the
smallest chemical component capable of performing all
the activities (structural or catalytic) of a substance. One
or more atoms constitute each molecule. This chapter
describes the physical organization of cells, cellular
organelles, and molecules important in cell division, inher-
itance, and protein synthesis.

Organization of the Cell

The cell is a mass of protoplasm surrounded by a semi-
permeable membrane.' Cells constitute the smallest
element of living matter capable of functioning inde-
pendently; however, within complex organisms, cells may
require interaction with other cells. To function independ-
ently, cells must produce nucleic acids, proteins, lipids, and
energy. In complex organisms, these organic processes
form and maintain tissues and the organism as a whole.

Genes consist of discrete regions of nucleic acids that
encode proteins, and control the function of the cell.
Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)
comprise the two types of nucleic acids found in all cells.
Chromosomes, made up of double-stranded DNA com-
plexed with proteins, contain all the genes required for the
cell to live and function.

Prokaryotic Cells

Prokaryotic cells are simple organisms lacking subcellular
compartments, such as bacteria. The majority of prokary-
otic nucleic acids form circular strands comprising
approximately 1 X 10° base pairs (bp) (Table 1-1). Addi-
tional extrachromosomal genetic elements consist of cir-
cular plasmids also known as episomes and linear mobile
genetic elements called transposons (30-40bp). Plasmids

range in size from 33 bp to 230bp” and first gained notori-
ety in the 1950s by being associated with antibiotic resist-
ance in bacteria.» Transposons also may confer antibiotic
resistance on the host bacteria. All these genetic elements
exist in direct contact with the bacteria’s cytoplasm.

Eukaryotic Cells
Cytoplasm

In contrast to prokaryotic cells, eukaryotic cells are
complex, highly compartmentalized structures. The cyto-
plasm contains multiple membrane-bound compartments
known as organelles. The cellular membrane separates
the cellular cytoplasm from the external environment.
The membranes consist of hydrophobic lipid bilayers. The
lipid bilayer contains proteins that serve as receptors and
channels.

Nucleus and Nucleolus

The nucleus of the cell contains the cell’s linear chromo-
somes and serves as the primary locus of inherited genetic
material. Inner- and outer-pore-containing membranes
define the nucleus and separate the chromosomes from
the surrounding cytoplasm. Further partitioning occurs
within the nucleus to generate the nucleolus, which
functions as the ribosome-generating factory of the cell.
Instead of additional membranes, fibrous protein com-
plexes separate the nucleolus from the rest of the nucleus.
In this structure, the nucleolus organizer (a specific part of
a chromosome containing the genes that encode ribosomal
RNA) interacts with other molecules to form immature
large and small ribosomal subunits. Following process-
ing, immature subunits exit the nucleolus and enter the
nucleus. Eventually, mature ribosomal subunits and other
molecules exit the nucleolus through the nuclear pores and
enter the cytoplasm.



Table 1-1. Comparison of DNA Sizes of Various Genetic
Elements

Genomic Element Size in Base Pairs

Human chromosome 1-3 x 10°
Bacterial chromosome 1-4 x 10°
Mitochondrial chromosome 16,569
Bacteriophage 39,000
CAM plasmid 230
R388 plasmid 33
Transposons 30-40
Mitochondria

Mitochondria are membrane-bound organelles within the
cytoplasm of cells that have several cellular functions.
Inheritable genetic material, independent from the nuclear
chromosomes, resides in mitochondria. These maternally
derived organelles contain their own circular chromo-
somes (16,569bp) and replicate independently from the
cell and one another. As a result, not all mitochondria in
a given cell have the same mitochondrial chromosomal
sequence, resulting in genetic diversity of these organelles
within and between different cells of the same organism,
which is known as heteroplasmy. Mitochondrial genes
encode mitochondria-specific transfer RNA molecules
(tRNA). In addition, the mitochondrial chromosomes
contain genes that encode proteins used in oxidative phos-
phorylation, including subunits of the cytochrome c
oxidase, cytochrome b complex, some of the ATPase
complex and various subunits of NAD dehydrogenase.
Other components of the oxidative phosphorylation path-
way are encoded by nuclear genes. For this reason, not all
mitochondrial genetic diseases demonstrate maternal
transmission. Analysis of mitochondrial DNA has applica-
tions for diagnosis of mitochondrial-inherited genetic dis-
eases as well as for forensic purposes in the identification
of severely decomposed bodies.

Other Cellular Organelles

Membranes not only segregate heritable genetic molecules
into the nucleus and mitochondria, but also separate
various cellular functions into distinct areas of the cell. The
compartmentalization of cellular functions, such as molec-
ular synthesis, modification, and catabolism, increases the
local concentration of reactive molecules, thus improving
the cell’s biochemical efficiency. This partitioning also pro-
tects inappropriate molecules from becoming substrates
for these processes. One example of this segregation is the
endoplasmic reticulum (ER), which consists of a complex
of membranous compartments where proteins are synthe-
sized. Glycoproteins are synthesized by ribosome-ER com-
plexes known as rough ER (RER), while lipids are produced
in the smooth ER. The Golgi apparatus consists of numer-
ous membrane-bound sacs where molecules generated in
the ER become modified for transportation out of the cell.
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In addition, peroxisomes and lysosomes segregate diges-
tive and reactive molecules from the remainder of the
cellular contents to prevent damage to the cell’s internal
molecules and infrastructure.

Biological Molecules

Carbon can covalently bond to several biologically impor-
tant atoms (i.e., oxygen, hydrogen, and nitrogen) and forms
the scaffold for all biomolecules. Basic subunit biomole-
cules can combine to form more complex molecules such
as carbohydrates, nucleic acids, and amino acids.

Carbohydrates

Carbohydrates serve as energy reservoirs and are a com-
ponent of nucleic acids. In addition, carbohydrates also
attach to lipids and proteins. The basic unit of a carbo-
hydrate consists of the simple sugars or monosaccharides.
These molecules have carbon, oxygen, and hydroxyl groups
that most commonly form ringed structures. The oxygen
can react with the hydroxyl group of another simple sugar
to form a chain. As a result, the formula for a simple sugar
is (CH,0),,, where n represents various numbers of these
linked building block units.

Two pentose sugars, deoxyribose and ribose, comprise
the sugar element of DNA and RNA molecules, respec-
tively. As the name indicates, deoxyribose (“de-,” a prefix
meaning “off” and “oxy,” meaning “oxygen”) lacks one
hydroxyl (OH) group compared to ribose.

Nucleic Acids

Nucleic acids are composed of chains of nucleotides.
Each nucleotide is composed of a sugar (either ribose or
deoxyribose), a phosphate (-PO,) group, and a purine or
pyrimidine base. The nucleotides are joined into a DNA
or RNA strand by a sugar-phosphate-linked backbone with
the bases attached to and extending from the first carbon
of the sugar group. The purine and pyrimidine bases are
weakly basic ring molecules, which form N-glycosidic
bonds with ribose or deoxyribose sugar. Purines are com-
prised of two rings, a six-member ring and a five-member
ring (CsH4N,), while pyrimidines consist of a single six-
member ring (C4H,N,). Purines (guanine, G, and adenine,
A) pair with pyrimidines (cytosine, C, and thymine, T) via
hydrogen bonds between two DNA molecules (Figure 1-1).
The additional hydrogen bond that forms between G and
C base pairing (i.e., three hydrogen bonds) dramatically
enhances the strength of this interaction compared to the
two hydrogen bonds present between A and T nucleotides.
This hydrogen-bonding capacity between G:C and A:T
forms a pivotal molecular interaction for all nucleic acids
and assures the passage of genetic information during
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Figure 1-1. DNA base pairing. DNA nucleotides are composed of
three moieties (e.g., sugar, base, and phosphate groups). The bases
are either purine (adenine and guanine) or pyrimidine (thymine and
cytosine). Note the difference in hydrogen bonds between adenine
and thymine base pairs, with two hydrogen bonds, compared to cyto-
sine and guanine base pairs, with three hydrogen bonds. (Reprinted
from Leonard D. Diagnostic Molecular Pathology, copyright 2003, with permis-
sion from Elsevier.)

DNA replication, RNA synthesis from DNA (transcription),
and the transfer of genetic information from nucleic acids
to the amino acids of proteins.

Amino Acids

Amino acids are the building blocks of proteins. Amino
acids linked together via peptide bonds form large,

Table 1-2. Amino Acids

Amino Acid
Symbols

Amino Three Single
Acid Letter Letter
Alanine ala A
Arginine arg R
Asparagine asn N
Aspartic acid asp D
Cysteine cys C
Glutamine glu Q
Glutamic acid gln E
Glycine gly G
Histidine his H
Isoleucine ile I
Leucine leu L
Lysine lys K
Methionine met M
Phenylalanine phe F
Proline* pro P
Serine ser S
Threonine thr T
Tryptophan trp W
Tyrosine tyr Y
Valine val \'%

(0]
Deoxyribose

Adenine Thymine

Guanine Cytosine

complex molecules. Amino acids consist of an amino group
(NH3), a carboxy group (COO-), an R group, and a central
carbon atom. The R group can be a simple hydrogen, as
found in glycine, or as complex as an imidazole ring, as
found in histidine. Twenty different R groups exist; and
determine whether an amino acid has a neutral, basic,
or acidic charge (Table 1-2). The amino group of the poly-
peptides is considered the beginning of a protein (N-

R Group

CH3;—CH(NH,;)—COOH
HN=C(NH,;)—NH—(CH,);—CH(NH,;)—COOH
H,N—CO—CH,—CH(NH,;)—COOH
HOOC—CH,—CH(NH,)—COOH
HS—CH,—CH(NH,;)—COOH
H,N—CO—(CH,),—CH(NH;)—COOH
HOOC—(CH;),—CH(NH,)—COOH
NH,—CH,—COOH
NH—CH=N—CH=C—CH,—CH(NH,;)—COOH
CH3—CH,—CH(CH3)—CH(NH,)—COOH
(CH3),—CH—CH,—CH(NH,;)—COOH
H,N—(CH;)s—CH(NH;)—COOH
CH3—S—(CH;),—CH(NH,)—COOH
Ph—CH,—CH(NH,)—COOH
NH—(CH,);—CH—COOH
HO—CH,—CH(NH,;)—COOH
CH3;—CH(OH)—CH(NH;)—COOH
Ph—NH—CH=C—CH,—CH(NH,;)—COOH
HO—p—Ph—CH,—CH(NH,)—COOH
(CH3),—CH—CH(NH,;)—COOH

*Proline has a ring shape arising from the covalent bond formed between the amino group and the central carbon.
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terminus), while the carboxyl group is at the opposite end,
providing directionality to the protein.

Genetic Molecules

Nucleic acids encode genetic information but also partici-
pate in additional physiological processes ranging from
metabolism to energy transfer. Nucleotides constitute the
monomeric units of nucleic acids (Figure 1-1). Nucleosides
consist of two components (ribose or deoxyribose in RNA
and DNA, respectively, and either a purine or pyrimidine
base). A nucleotide is produced from a nucleoside by the
addition of one to three phosphate groups through a cova-
lent bond with the hydroxyl group of the 5" carbon of the
nucleoside’s sugar ring.

Nucleic acids are formed by chains of nucleotides linked
by phosphodiester bonds between the 3" carbon of the first
nucleotide’s sugar ring and the 5" carbon of the adjacent
nucleotide’s sugar ring. The phosphodiester linkages cause
nucleic acids to have a 5’ to 3" directionality. The alternat-
ing sugar-phosphate chain forms a continuous molecule
with bases extending from the 1" carbon of each sugar. For
this reason, the sugar-phosphate chain is referred to as the
backbone of nucleic acids (Figure 1-2). The phosphate
groups give nucleic acids a negative charge that imparts
important physiochemical properties to nucleic acids. The
negative charge of DNA facilitates the binding of mam-
malian DNA to various proteins and allows separation of
nucleic acid molecules by charge and size during gel or
capillary electrophoresis.

Structure

In double-stranded DNA, the two DNA strands are held
together by exact A: T and G: C hydrogen bonding between
the bases of the two strands, in which case the two strands
are said to be complementary. The two strands are oriented
in opposite 5" to 3’ directions, such that one strand is ori-
ented 5" to 3’ (1) and the complementary strand is oriented
3 to 5 (T) in an antiparallel fashion (see Figure 1-2). In
this case, “anti-” refers to the head (or 5" end) of one DNA
strand being adjacent to the tail (or 3" end) of the opposite
strand.

The molecular curves of the two DNA strands form
antiparallel helices known as the DNA double helix. This
double helix form (the B form) has ten nucleotide pairs
(base pairs) per turn, occupying 3.4 nm. Because the bonds
between the sugar and the base are not perfectly symmet-
rical, the strands curve slightly. The slight curve of the offset
glycosidic bonds results in major and minor grooves char-
acteristic of the B form of the double helix.”> Many molecu-
lar diagnostic assays target the minor groove of DNA with
sequence-specific probes known as minor groove binding
(MGB) probes. Two other forms of DNA exist as the Z and
A forms. The Z form acquires a zigzag shape, while the A
form has a very shallow and very deep groove.
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Figure 1-2. Double-stranded DNA. The two DNA strands are oriented in an antiparallel
relationship, with asymmetric base pairing of two DNA strands that generates the minor
and major grooves of the DNA double helix. (Reprinted from Leonard D. Diagnostic Molecular
Pathology, copyright 2003, with permission from Elsevier.)

Thermodynamics of Nucleotide Base Pairing

Thermodynamics plays a major role in the structure and
stability of nucleic acid molecules. The core mechanism of
nucleic acid thermodynamics centers on the hydrogen-
bonding capabilities of the nucleotides. The stability of
these interactions not only influences the formation and
stability of duplex nucleic acids but also impacts the struc-
ture and catalytic characteristics of single-stranded nucleic
acids through intramolecular base pairing. In addition
to these physiological functions, the phenomenon of
complementary base pairing profoundly impacts clinical
diagnostic assay development. Prior to the advent of
clinical molecular diagnostic testing, many diagnostic
tests required obtaining an antibody to identify or detect a
target protein. The procedures for generating and validat-
ing diagnostic antibodies required extensive time and
expense. The application of techniques utilizing the capa-
bility of two molecules to form a base pair as the basis for
detection and characterization of target nucleic acids has
greatly facilitated diagnostic test development. The forma-
tion of hydrogen bonding between two pieces of nucleic
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acid is called hybridization, or annealing, and the disrup-
tion of the hydrogen bonds holding two nucleic acid mol-
ecules together is called denaturation, or melting. The fact
that molecular diagnostic tests use hybridization tech-
niques based on A: T and G: C base pairing underscores the
necessity for understanding the thermodynamics of hydro-
gen base pairing of nucleic acids.

Short pieces of DNA or RNA called probes, or primers,
that contain a specific sequence complementary to a
disease-related region of DNA or RNA from a clinical spec-
imen are frequently used in the molecular pathology labo-
ratory. To achieve hybridization of a DNA or RNA probe to
genomic DNA for a diagnostic test, the two genomic DNA
strands must be separated, or denatured, prior to probe
hybridization. Increasing the temperature of a DNA mole-
cule is one mechanism for disrupting the hydrogen bonds
between the DNA base pairs and denaturing double-
stranded DNA into single-stranded form. The temperature
at which 50% of the double-stranded DNA molecules sep-
arate into single-stranded form constitutes the melting
temperature (Tp,). The shorter the two complementary
DNA molecules are, the easier it is to calculate the Tp,.
This primarily results from the decreased likelihood of
nonspecific intramolecular annealing or base pairing
compared to inter- and intramolecular base pairing. The
simplest and least accurate formula for determining the T,
for short double-stranded DNA multiplies the sum of the
G:C base pairs by 4 and multiplies the sum of the A: T base
pairs by 2 and then adds these numbers together.

Tm=[4(G:C)] + [2(A:T)]

Although this is the least accurate method for calculation
of the T, of a double-stranded DNA molecule, it mathe-
matically illustrates that G:C bonds are roughly twice the
strength of A:T bonds. This formula works fairly well for
short DNA molecules (i.e., <18bp); however, as the length
of the DNA molecule increases to 100 bp, the nearest neigh-
bor T, calculation for DNA and RNA is more accurate.®’

AH

T, =————————273.15
AS+RIn(Ct)

where

AH = enthalpy of the nucleic acid fragment
AS = entropy of the nucleic acid fragment
R =1.987 cal K™ mol™
Ct = total strand concentration

For longer sequences (>100bp), the most accurate formula
for calculation of T, is as follows:®

T =815 + 16.6 log [NA] + 0.41 [%G = %C} — 0.65
(% formamide) — 675/length — % mismatch

Table 1-3 demonstrates the effect of increasing the relative
amounts of G:C base pairs on the T, using these
formulas.

Intramolecular base pairing also generates complex
three-dimensional forms within single-stranded nucleic

Table 1-3. Melting-Temperature Calculations for Short Oligomers

Total Number of Number of AT+
Length G:C AT To* %G:Ct G:Ck
30 30 0 106.2 100.0 100.0
30 25 5 101.2 93.2 100.0
30 20 10 89.5 79.5 90.0
30 10 20 83.4 72.7 80.0
30 0 30 71.6 59.0 60.0
20 20 0 90.4 88.8 80.0
20 10 10 72.7 65.1 60.0
20 0 20 55.9 47.8 40.0

*Nearest neighbor calculation of Ty,.°
1T method for sequences over 100 bases.®
$4(G + C) + 2(A + T) formula.

acid molecules. As a result, the single-stranded nature of
eukaryotic RNA molecules affords great structural diver-
sity via intramolecular base pairing. These conformations
strain the linear RNA molecule and produce chemically
reactive RNA forms. Catalytic RNA molecules play pivotal
roles in cellular functions and in gene-targeting therapies.

Intra- and intermolecular base pairing can negatively
affect hybridizations. Dimers, bulge loops, and hairpin
loops exemplify some of these interactions. Hairpins inhibit
plasmid replication and attenuate bacterial gene expression.’
These detrimental effects may also include initiation of
spurious nonspecific polymerization, steric hindrance of
hybridization of short stretches of nucleic acids (i.e., 10 to
30 base pieces of single-stranded nucleic acids, known as
oligomers or primers), and depletion of probes or primers
away from the specific target by either primer dimerization
or other mechanisms. These interactions can result in poor
sensitivity or poor specificity for diagnostic molecular tests.

Topology

The DNA and RNA molecules assume various geometric
shapes or topologies that are independent of base pair
interactions. Eukaryotic nucleic acids take on linear forms,
in contrast to the circular forms of mitochondrial and
bacterial chromosomal DNA. Viral genomes occur as dif-
ferent forms, ranging from segmented linear to circular.
Although the conformation of RNA molecules can be
complex via intramolecular base pairing, the topology of
messenger RNA (mRNA) molecules is primarily linear. An
organism’s genomic topology influences the biochemical
mechanisms used during replication and the number of
replication cycles a given chromosome can undertake. In
contrast to circular genomes, linear genomes limit the total
number of possible replication cycles due to progressive
shortening of the linear chromosome.

Mammalian Chromosomal Organization

The human genome contains approximately 10° base pairs
of DNA. The total DNA is contained in 46 double-stranded
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DNA pieces complexed with proteins to form chromo-
somes. The diploid human genome, therefore, is contained
in 46 chromosomes: two of each of the 22 autosomal chro-
mosomes, plus either two X chromosomes, in females, or
one X and one Y chromosome, in males. Since the length
of each helical turn of a double-stranded DNA molecule is
3.4nm, consisting of ten bases, the length of the total
genomic DNA in each cell measures approximately 1m in
length. For each cell to contain this long molecule, the
double-stranded DNA must be compressed. A complex of
eight basic histones (two copies of histone 2 [H2], H3, H4,
and H5) package the DNA.’ The histone complex contains
positively charged amino acids that bind to 146 bases of
negatively charged DNA. Histones fold the DNA either
partially or tightly, resulting in compression of the DNA
strand. Tight folding of the DNA condenses the DNA into
heterochromatin. Following packaging and condensation,
the nucleic acid strand widens from 2nm to 1400 nm, with
extensive overall shortening of the nucleic acid in the
metaphase chromosome. Light microscopy easily permits
the visualization of condensed metaphase chromosomes.

Less-condensed DNA binds histone 1 (H1) proteins or
other sequence-specific DNA-binding molecules. Some of
these DNA-binding molecules regulate gene expression
(discussed later in this chapter). In contrast, tightly con-
densed chromosomes lack the “open spaces” for binding of
regulatory proteins and prevent gene expression from
tightly condensed DNA regions. These proteins may also
prevent access to nucleic acid probes or primers for molec-
ular diagnostic tests. As a result, many DNA extraction pro-
tocols include a protein-digestion step to liberate the DNA
from these DNA-binding proteins. Removal of these pro-
teins facilitates hybridization with short pieces of nucleic
acid, such as primers or probes.

DNA Replication
Eukaryotic DNA Replication

The replication of DNA is a complex process requiring
specific physiological temperatures and a host of proteins.
As mentioned previously, molecular diagnostic techniques
rely on the ability to denature or melt a double-stranded
DNA template. Using chemical or physical conditions, sep-
aration of DNA strands can be accomplished with alkali
or high temperatures (i.e., 95°C). Under physiological
conditions, dissociation of DNA strands for replication is
accomplished by numerous enzymes, such as helicases and
topoisomerases. The region of transition from the double-
stranded to separated single-stranded DNA is called the
replication fork. The replication fork moves along the
double-stranded DNA molecule as replication proceeds. At
the replication fork, various primases, initiating proteins,
and polymerases bind to the original or parental DNA
strands and generate new daughter strands. Known collec-
tively as a replisome, these enzymatic activities generate
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Figure 1-3. DNA replication. Replication fork depicting the leading and lagging strands
and the numerous proteins and Okazaki fragments involved with replication. (Reprinted
from Leonard D. Diagnostic Molecular Pathology, copyright 2003, with permission from Elsevier.)

two new nucleic acid strands that are complementary to
and base paired with each of the original two template or
parent DNA strands. This replication process is known as
semiconservative because each resulting double-stranded
DNA molecule consists of one new and one old DNA strand
(Figure 1-3).

Polymerases function to synthesize new nucleic acid
molecules from nucleotide building blocks. The sequence
of the new strand is based on the sequence of an exist-
ing nucleic acid molecule, and the polymerase adds
nucleotides according to the order of the bases of the
parent strand, using G:C and A: T pairing. The new strand
is antiparallel to the parent strand and is synthesized in a
5’ to 3’ direction. Of the two parent strands of genomic
DNA, one strand (called the leading strand) can be read by
the polymerase continuously in a 3’ to 5" direction, with the
new strand generated in a continuous 5’ to 3’ direction. In
contrast, the opposite strand (known as the lagging strand)
cannot be read continuously by the polymerase. The repli-
cation fork moves along the lagging strand in a 5 to 3’
direction, and polymerases synthesize only by reading the
parent strand in a 3’ to 5" direction while synthesizing the
new strand in a 5 to 3’ direction. Therefore, synthesis
cannot proceed continuously along the lagging strand,
which must be copied in short stretches primed from RNA
primers and forming short DNA fragments known as
Okazaki fragments. The new strand complementary to the
lagging strand is formed by removal of the RNA primer
regions and ligation of the short DNA fragments into a
continuous daughter strand complementary to the lagging
strand. Discontinuous 3’ to 5" replication results in the
progressive loss of ends of the chromosomes known as
telomeres in normal cells. Some malignant cells retain
telomerase activity that permits the addition of these
terminal telomeric sequences to the chromosomes.

While replication requires many proteins, the poly-
merase determines the speed and accuracy of new strand
synthesis. The rate that the four nucleotides are polymer-
ized into a nucleic acid chain defines the processivity of the
enzyme. The processivity of most polymerases approxi-
mates 1000 bases per minute.



1. Basics of Molecular Biology

Table 1-4. Fidelity of Various Polymerases

Polymerase Error Rate
pol p* 8 x10™
pol o* 1x10*
pol 6* 1.7-4 x 107
Ptuf 1.3 %107
Deep ventf 2.7 x10°°
Ventt 2.8 x10°
Taqt 8x10°
UlTmat 55x10°
Klenow# 1-10 x 10”7
HIV reverse transcriptase 6-30 x 107

*Reference 37.
1 Reference 38.
fReference 39.

The fidelity of the polymerase refers to the accuracy of
the enzyme to incorporate the correct complementary
bases in the newly synthesized DNA. Incorporation of
incorrect bases or other replication errors can result in cell
death or oncogenesis. The error rate of polymerases varies
widely from 1 in 1200 to 1 in 1,000,000 bases (Table 1-4).
To correct the erroneous incorporation of bases or other
replication errors, protein complexes proofread and
correct synthesis errors. In normal cells, the cell cycle
pauses to facilitate error repair in the G2 phase of the cell
cycle (Figure 1-4). Malignant cells may not pause to allow
for error correction, resulting in the accumulation of
damaged or mutated DNA.

The complexity of the biochemical reactions necessary
for replicating eukaryotic nuclear DNA demonstrates a
high degree of regulation for generating two strands from
one replication fork. In addition to these complexities,
replication in eukaryotic cells occurs at multiple origins of

Witosis (M phase)

N/

Interphase

Figure 1-4. Cell cycle. The clear panels are the ordered phases of mitosis (M phase),
while the gray and black panels are the ordered stages of interphase. P, prophase; PM,
prometaphase; MET, metaphase; A, anaphase; T, telophase; G1, gap 1; S, DNA synthesis;
G2, gap 2.

replication (Ori). These multiple sites grow progressively
until the newly generated strands join to form complete
chromosomal-length DNA.

Bacterial and Mitochondrial Replication

The relatively small chromosomes of bacteria (~10° base
pairs) utilize a simpler mechanism than eukaryotic
replication. A single origin of replication initiates the
duplication of the bacterial chromosome, and replication
occurs simultaneously on both strands in opposite direc-
tions from the origin of replication. This efficient replica-
tion process depends on the circular topology of the
bacterial genome.

Another unique feature of prokaryotic chromosomal
replication is the mechanism bacteria have evolved to
protect their chromosomes. The lack of a protective
nuclear membrane in bacteria makes the chromosome sus-
ceptible to attack by viruses (bacteriophages). As a result,
many bacteria produce restriction enzymes that degrade
foreign nucleic acids. These restriction enzymes recognize
specific short sequences and cleave the DNA at those sites.
However, methylation of the recognition sequences in the
bacterial chromosomal DNA prevents most restriction
enzymes from digesting the chromosomal DNA of the bac-
teria. In this way, methylating enzymes add methyl groups
to the replicated bacterial chromosome, preventing chro-
mosomal degradation by its own restriction enzymes. This
methylation and restriction process functions as a primi-
tive immune system by destroying foreign bacteriophage
DNA before it can usurp the bacteria’s replication system.
Bacterial restriction enzymes are used to specifically cleave
DNA in molecular diagnostic tests and are useful for iden-
tifying genetic variations.

Additional types of replication occur in some viruses
and bacteria. The rolling-circle mechanism of replica-
tion proceeds with an initial single-strand cut or nick in
double-stranded circular genomes, followed by replication
proceeding from the nick in a 5" to 3" direction. The new
strand displaces the old strand. RNA viral genomes use the
enzyme transcriptase for replication. In the case of retro-
viruses, a reverse transcriptase generates an intermediate
DNA molecule, which integrates into the host chromosome
and then is used for generation of progeny RNA molecules.
The high error rate of human immunodeficiency virus
(HIV) reverse transcriptase produces numerous mutations
in the viral genome.'”"' Some of these mutations confer
resistance to antiretroviral therapies and can be identified
by clinical molecular tests.

Cell Division and Cell Cycle

In eukaryotic cells, the cell cycle refers to the entire process
of generating two daughter cells from one original cell,
with chromosomal replication as one of the steps. The two
parts of the cell cycle are called interphase and mitosis.
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DNA synthesis occurs during interphase and consists of
three stages: gap 1 (G1), synthesis (S), and gap 2 (G2)
(Figure 1-4). Regulation of cell division depends on specific
cell-cycle-dependent proteins known as cyclins and growth
factors. Some of these factors cause the cycle to progress
while others stop the cycle at certain stages. Checkpoints,
or times when the cycle may be paused, exist at the G1/S
and G2/mitosis interfaces and allow the cell time to repair
any DNA damage that may be present in the cell before and
after replication of the DNA, respectively.

Growth factors initiate the Gl phase via cell surface
receptors. Several molecular events such as the dephospho-
rylation of the retinoblastoma protein and cyclin binding to
cyclin-dependent kinases (Cdk) transition the cell toward
the G1/S checkpoint. The amount of cellular P53 protein
determines whether the cell progresses beyond this check-
point, with higher levels preventing cell cycle progression.
Because various DNA-damaging events, such as ultraviolet
light, radiation, carcinogens, and double-stranded DNA
breaks, induce production of P53 protein, this molecule
serves as a sentinel for mutated DNA. The functional failure
of P53 removes this sentinel from the cell cycle process and
results in the accumulation of genetic errors. Therefore,
inactivation of P53 facilitates oncogenesis.

Once DNA repairs have taken place during G1 prior to
replication of the DNA, the cell proceeds to S phase. DNA
synthesis occurs in the S phase, followed by the G2 phase.
Replication errors occurring during the S phase are cor-
rected in the G2 phase, the G2/M checkpoint. This final
checkpoint marks the end of interphase.

Mitosis, the process of physical division of the parent cell
into two daughter cells, occurs during the mitosis or M phase
of the cell cycle. During mitosis, the duplicated chromo-
somes are physically separated so that each daughter cell
receives the correct number of chromosomes. Mitosis con-
sists of five phases: prophase, prometaphase, metaphase,
anaphase, and telophase. The duplicated chromosomes con-
dense during prophase. A structural element known as the
mitotic spindle originates from two structures called centri-
oles, which move to opposite poles of the cell and the spindle
forms between the centrioles. The nuclear membrance dis-
sipates, proteins form kinetochores on the chromosmes,
and microtubules attach to the kinetochores during
prometaphase. The duplicated chromosome pairs attach at
central points along the spindles. The arrangement of the
highly condensed chromosome pairs along an equatorial cell
plane denotes metaphase. As previously discussed, highly
condensed chromosomes cannot bind proteins necessary for
gene expression. As a result, the cell’s internal machinery
focuses solely on cell division during metaphase. The cen-
triole-derived spindle guidelines pull the duplicate chromo-
somes apart and drag them toward each centriole during
anaphase. With the separation of the daughter chromosomes
(chromatids) into opposite poles of the cell and the refor-
mation of nuclear membranes around the two daughter sets
of chromosomes, telophase begins. Cytokinesis, or the divi-
sion of the cytoplasm, is the last step in cell division. During
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cytokinesis, the mitochondria are randomly and potentially
unevenly distributed in the daughter cells. The cell cycle can
then be reinitiated by one or both of the daughter cells to
generate additional cells. Alternatively, some cells become
quiescent in a GO phase (between telephase and G1) and
either have a prolonged delay before initiating replication
again or no longer divide.

Cell division to generate gametes is called meiosis and
consists of two divisions, meiosis I and meiosis II. Like
mitosis, this process begins with the duplication of chromo-
somes in prophase I. During metaphase I, the maternal and
paternal homologous chromosomes pair (i.e., pairing occurs
between each of the pairs of the 22 autosomal chromosomes,
the two X chromosomes in females, and the X and Y chro-
mosomes in males). Each pair attaches to the spindle appa-
ratus along the equatorial plane of the cell spindle. DNA may
be exchanged between the paired chromosomes by either
crossing-over or recombination mechanisms during this
pairing stage of meiosis . During anaphase I, homologous
chromosomes separate into daughter cells, resulting in 23
duplicated chromosomes in each daughter cell. A second
cell-division cycle, meiosis II, separates the duplicated chro-
mosomes, resulting in haploid cells, egg or sperm, contain-
ing only one copy of each of the 22 chromosomes plus an X
(egg or sperm) or Y (only sperm) chromosome.

From Gene to Protein

The genomic DNA content is the same in all cells of the
same person and encodes all the genetic information for
cellular function. Encoded in the DNA are the blueprints
for all the RNA and protein molecules present in any type
of cell. Different parts of the genetic information are used
by different types of cells to accomplish each cell’s specific
function. DNA is used to produce RNA and protein mole-
cules by processes called transcription and translation,
respectively. The regions of DNA that encode RNA and
protein molecules are called genes.

Replication requires an increase in building materials for
the duplicated daughter cells. Highly condensed metaphase
chromatin cannot produce gene products because proteins
that initiate gene expression cannot bind to the chromo-
somes at this phase of replication. In contrast, partially
condensed or unfolded chromatin permits the binding of
specific proteins (e.g., RNA polymerases) that synthesize
mRNA and tRNA. Ultimately, these molecules facilitate the
production of gene products, specifically proteins.

RNA molecules function as the mediators between DNA
and protein. These molecules essentially speak the same
language as DNA because, as nucleic acids, they can base
pair with complementary DNA sequences. Like transfer-
ring spoken language to a written form, this process of
copying information from DNA to RNA is referred to as
transcription. The transcription complex of proteins must
unwind the double-stranded DNA at the specific gene site
to be copied, locate the polymerase binding site on one of
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the DNA strands, and generate a primary (1°) transcript,
which is one component of heterogeneous nuclear RNA
(hnRNA) by reading the DNA strand in a 3’ to 5" direction,
with RNA synthesis proceeding in a 5" to 3" direction. The
1° RNA transcript is processed into mRNA, and finally the
DNA in the region of the gene becomes double-stranded
again. Numerous DNA sequences bind proteins that regu-
late and coordinate gene expression. These sequences can
be used to identify the locations of genes within the entire
human genome sequence. Since the generation of the first
draft of the human genome, the interest in understanding
gene structure has increased with the goal of identifying
disease-associated genes."”™

Gene Structure

Promoting Transcription

Sequences that bind RNA polymerases in combination
with transcription factors drive and regulate the produc-
tion of 1° RNA transcript (Table 1-5). Proteins and
transcription factors bind to sequences located 5, or
upstream, of the gene to be expressed and are collectively
called the promoter region of a gene. Negative numbering
denotes the location of these sequences upstream of the
first protein-encoding base. The promoter sequence initi-
ates (or promotes) transcription of the downstream gene
and harbors conserved sequences that are recognized by
the transcription complex of enzymes.

The complexity and organization of the transcription
regulatory sequences of genes differ between prokaryotic
and eukaryotic cells. Prokaryotes contain a simple gene
structure with sequences for polymerase binding occur-
ring at —35 and —10 for each gene. The —10 sequence con-
tains a consensus sequence of TATAAT, while the —35
region consists of TTGACA. Variations of these sequences
as well as the sequences located adjacent to the gene
determine the strength of the promoter’s transcriptional
activity. For example, small differences such as having a
TATATA sequence rather than the consensus sequence at
the —10 position will decrease the promoter’s ability to bind
to the RNA polymerase and result in decreased production
of mRNA for that gene. In bacteria, operons regulate
expression of multiple genes with related functions from
the same promoter.

Promoter region

Table 1-5. Examples of Nucleic Acid Motifs

Name Sequence

AP1 binding site TGASTCAG

AP2 binding site CCCCAGGC

AP3 binding site GGGTGGGAAAG
AP4 binding site YCAGCTGYGG
C/EBP TGTGGAAAG
CCAAT box CCAAT

CP1 binding site YN(6)RRCCAATCA
CP2 binding site YAGYN(3)RRCCAATC
CREB TGACGTCA

CTF/NF1 binding sites GCCAAT

GCN4 target site ATGASTCAT
Glucocorticoid receptor GGTACAN(3)TGTTCT
Homeobox protein-binding site TCAATTAAAT

HSTF CNNGAANNTTCNNG
INF-stimulated response RGGAANNGAAACT
Lariat consensus sequence YNYTRAY

MALT box GGAKGGA

NF-1 TTGGMN(5)GCCAAT
Octamer sequence ATTTGCAT

Poly A signal AATAAA

Splice acceptor Y(11)NYAGG

Splice donor MAGGTRAGT

TATA box TATA

Translational initiation sequence RNNMTGG

R=A/G;Y =C/T; M = C/A; W = A/T; N = A/T/C/G.

In eukaryotic genes, various promoter sequences bind
multiple proteins, which catalytically modify and activate
other bound proteins. Enhancer sequences increase the
production of mRNA but are far removed from the gene.
One of the pivotal proximally located sequences comprises
a TATA box (TATAAA) located at —25 (Figure 1-5). These
bases initiate binding of a TATA-binding protein (TBP)
within the transcription factor D complex. Following this
binding, transcription factors B, H, and E bind to and open
the DNA strands downstream from the promoter. Finally,
transcription factor F and RNA polymerase II bind to the
transcription complex. The close proximity of these pro-
teins to RNA polymerase II permits phosphorylation of the
polymerase and initiation of transcription. In eukaryotic
cells, variations in the recognition sequences alter the
efficiency of transcription. These variations may be base
pair changes or base modifications. For example, promoter
sequences that are highly methylated do not bind well to
the transcription factors or polymerase. As a result, a gene

Splice acceptor Splice donor
Initiation site site
codon 1

Termination
codon

+ xon Intron Exon
G

CCAAT TATAAA

E
TAA —

Figure 1-5. Gene structure. Gene structure depicting
coding and noncoding regions of the eukaryotic gene.
(Reprinted from Leonard D. Diagnostic Molecular Pathology,
copyright 2003, with permission from Elsevier.)

\/

Protein-coding sequence Protein-coding sequence
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may appear to be unaltered or intact but may be tran-
scriptionally silent due to methylated bases in the promoter
region.

Elongation and Termination of the mRNA

Once the RNA polymerase binds to the promoter, tran-
scription begins at position +1. The polymerase reads the
DNA in a 3’ to 5" direction, while synthesizing the 1° RNA
transcript in a 5" to 3’ direction. In bacteria, the complete
transcript serves as the template for translation. Tran-
scription ends with termination. The mRNA must be ter-
minated in bacteria; termination of the transcript can
result from attenuation or the formation of hairpin struc-
tures. Termination occurs at several sites beyond the
polyadenylation signal in eukaryotic cells and is depend-
ent on bases near the stop codon.”” Because the eukaryotic
cell transcripts are polyadenylated, a termination of the
transcription process by a process similar to attenuation is
not necessary to regulate gene expression. Specifically,
transcripts produced after the polyadenylation signal lack
a 5" cap, resulting in rapid degradation.'®"”

In eukaryotic cells, once the 1° RNA transcript has been
produced in the nucleus, this transcript is processed to
form an mRNA by splicing to remove the non-protein-
coding introns (intervening sequences) and join the
protein-coding exons. Introns are located between
sequences called exons, which encode the protein sequence
and are translated during protein synthesis. Splicing
involves a complex of ribonucleoproteins known as a
spliceosome, which recognizes consensus sequences at the
5" and 3’ ends of the intron. Genetic changes to these splice
donor (A/C AG G U A/G AGU) and splice acceptor ([U/C];;
N C/U AG G/A) consensus sequences may prevent the
spliceosome from recognizing and catalyzing the splicing
event."*"” Autoantibodies directed to or alterations in the
steady-state level of the spliccosome may play a role in
some diseases.”’** Alternate splicing may generate multi-
ple distinct transcripts from a single gene. That is, some
exons may be spliced out in one mRNA molecule but
retained in another. As a result, alternate splicing generates
different proteins from the same gene and 1° RNA tran-
script.?™

An additional mechanism of generating diversity from
1° RNA transcripts entails trans-splicing (initially
identified in Drosophila cells). Essentially, two separate,
unrelated transcripts form a hybrid molecule by using the
splice donor from the first transcripts and the splice accep-
tor from the second transcripts. Complementary intronic
sequences in both transcripts facilitate the generation of
the chimeric mRNA. This process has not been demon-
strated in other eukaryotic cells. However, when the
process is used for gene therapy applications, normal gene
function has been restored from defective genes using
trans-splicing.”>* Other therapeutic applications for
catalytic RNA molecules involve innovative treatments
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for HIV-infected patients. In this application, synthetic
ribozymes cleave drug-resistant variants of HIV.”>""*

Additional modifications of the 1° RNA eukaryotic tran-
script enhance the stability and transport of the mRNA.
One such modification occurs immediately on the
generation of the 1° transcript and involves addition of a
7-methyl guanosine linked in an unusual 5’ to 5" linkage to
the triphosphate at the 5" end of the transcript, also known
as the 5" cap. This cap protects the transcript from degra-
dation. Another 1° transcript modification is cleavage at a
polyadenylation signal (AAUAA) near the 3’ end of the
transcript, followed by the addition of 100 to 200 adeno-
sine residues (poly-A tail) by polyadenylate polymerase.
The poly-A tail facilitates transportation of the mature
mRNA into the cytoplasm and protection of the transcript
from degradation by exonucleases. A given gene may have
several polyadenylation signals, providing another level of
variation for a single gene.”*

Translation

Translation is the next step in using information from the
DNA gene to produce a functional protein. This process
changes the genetic information from a nucleic-acid-based
language into an amino-acid-based language of polypep-
tides and proteins. For these reasons, the term “translation”
describes this complex cascade of events.

Following transportation of the mRNA into the cyto-
plasm, translation begins with the mRNA binding to a ribo-
some and requires additional nucleic acids, specifically
protein-associated RNA molecules (Figure 1-6). A ribo-
some is a complex of about 50 different proteins associated

Ribosome

-— tRNA

Figure 1-6. RNA translation. RNA is translated through binding events between the
mRNA, a ribosome, tRNA, and amino acids, resulting in the production of a protein
polypeptide chain. (Reprinted from Leonard D. Diagnostic Molecular Pathology, copyright 2003,
with permission from Elsevier.)
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Table 1-6. The Human Genetic Code

FIRST BASE OF CODON

U
Uuu

Phenylalanine (Phe/F)

UUA

Phenylalanine (Phe/F)

uucC
Leucine (Leu/L)
UuuG
Leucine (Leu/L)

CUU
Leucine (Leu/L)
CUA
Leucine (Leu/L)
CcucC
Leucine (Leu/L)
CUG
Leucine (Leu/L)

AUU

Isoleucine (Ile/T)
AUA

Isoleucine (Ile/I)
AUC

Isoleucine (Ile/T)
AUG START

Methionine (Met/M)

GUU
Valine (Val/V)
GUA
Valine (Val/V)
GUC
Valine (Val/V)
GUG
Valine (Val/V)

C

UCuU
Serine (Ser/S)
UCA
Serine (Ser/S)
UCC
Serine (Ser/S)
UCG
Serine (Ser/S)

CCU
Proline (Pro/P)
CCA
Proline (Pro/P)
CCC
Proline (Pro/P)
CCG
Proline (Pro/P)

ACU
Threonine (Thr/T)
ACA
Threonine (Thr/T)
ACC
Threonine (Thr/T)
ACG
Threonine (Thr/T)

GCU
Alanine (Ala/A)
GCA
Alanine (Ala/A)
GCC
Alanine (Ala/A)
GCG
Alanine (Ala/A)

SECOND BASE OF CODON

A

UAU

Tyrosine (Tyr/Y)
UAA

Tyrosine (Tyr/Y)
UAC

STOP

UAG

STOP

CAU

Histidine (His/H)
CAA

Histidine (His/H)
CAC

Glutamine (GIn/Q)
CAG

Glutamine (GIn/Q)

AAU

Asparagine (Asn/N)
AAA

Asparagine (Asn/N)
AAC

Lysine (Lys/K)
AAG

Lysine (Lys/K)

GAU
Aspartic Acid (Asp/D)
GAA
Aspartic Acid (Asp/D)
GAC
Glutamic Acid (GIu/E)
GAG
Glutamic Acid (GIu/E)

G

UGU

Cysteine (Cys/C)
UGA

Cysteine (Cys/C)
UGC

STOP

UGG

1"

Tryptophan (Trp/W)

CGU
Arginine (Arg/R)
CGA
Arginine (Arg/R)
CGC
Arginine (Arg/R)
CGG
Arginine (Arg/R)

AGU

Serine (Ser/S)
AGA
Serine(Ser/S)
AGC

Arginine (Arg/R)
AGG

Arginine (Arg/R)

GGU
Glycine (Gly/G)
GGA
Glycine (Gly/G)
GGC
Glycine (Gly/G)
GGG
Glycine (Gly/G)

with several ribosomal RNA (rRNA) molecules. Prokary-
otic ribosomes consist of 30S and 50S subunits. Svedberg
(S) units are the sedimentation rate of a particle. In eukary-
otes, TRNA molecules associate with proteins in the nucle-
olus to form 40S and 60S subunits. Recognition of the 5
cap of the eukaryotic mRNA by a ribosome initiates the
process of translation.”

Each amino acid is encoded by one or more 3-nucleotide
sequences, which are collectively known as the genetic code
(Table 1-6). Each set of 3 nucleotides of an mRNA that
encodes an amino acid is called a codon. As is seen in Table
1-6, the first and second nucleotide positions largely deter-
mine which amino acid is encoded by the mRNA codon,
while the third base has less effect on which amino acid will
be incorporated. In addition to encoding amino acids, certain
mRNA codons are used to initiate (START) or terminate
(STOP) translation. The genetic code differs slightly between
organisms and between mitochon-drial DNA and eukaryotic
DNA (Table 1-7). Thus, while one mRNA encodes only one
protein sequence, a protein sequence can be encoded by
several different mRNA sequences. This is referred to as the
degeneracy of the genetic code.

Synthesis of the encoded protein begins at the initiation
codon of the mRNA, the first AUG codon after the pro-
moter and encodes a methionine amino acid. This methio-
nine codon establishes the reading frame of the mRNA. The
next step in the translation process uses RNA molecules to
bridge the information from the sequential mRNA codons
to the encoded amino acid in the growing polypeptide
chain of the protein. Another set of RNA molecules, tRNA,
contain a sequence complementary to each mRNA codon
known as the anticodon. The 3" end of each type of tRNA
binds the specific amino acid corresponding to its anti-
codon sequence. Base pairing of codons with complemen-
tary anticodons permits sequential alignment of new
amino acids of the polypeptide chain and occurs in the

Table 1-7. Exceptions to the Universal Code in Mammals

Codon Nuclear Code Mitochondrial Code
UGA Stop Trp

AUA Ile Met

AGA Arg Stop

AGG Arg Stop
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small subunit of the ribosome. The large subunit of the
ribosome catalyzes the covalent bonds linking each
sequential amino acid to the growing polypeptide chain.

Translation ceases when the ribosome encounters a stop
codon (UAA, UAG, or UGA). Release factors bound to the
stop codon catalyze the addition of a water molecule rather
than an amino acid, thus resulting in a COOH terminus to
the completed polypeptide chain.** Some factors bound
to the 3’ untranslated portion of the gene also affect
termination.

Structure of Proteins

Just as nucleic acids form various structures via intra- and
intermolecular base pairing, proteins also assume various
structures depending on the types and locations of amino
acids. The primary structure of a protein is the sequence of
amino acids from amino terminus (NH) to carboxy terminus
(COOH) of the protein. The secondary structure refers to
how amino acid groups interact with neighboring amino
acids to form structure called an alpha helix or beta sheet.
The tertiary structure of a protein is created by amino acids
sequentially distant from one another creating intramo-
lecular interactions. The quaternary structure of a protein
defines the three-dimensional and functional conformation
of the protein. The shape that is ultimately assumed by the
protein depends on the arrangement of the different charged,
uncharged, polar, and nonpolar amino acids.

Posttranslational Modifications

After generation of the polypeptide chain of amino acids,
additional enzymatic changes may diversify its function.
These changes are termed posttranslational modifications
and can include proteolytic cleavage, glycosylation, phos-
phorylation, acylation, sulfation, prenylation, and vitamin
C- and vitamin K-mediated modifications. In addition,
selenium may be added to form selenocysteine. The selen-
cysteinyl-tRNA recognizes the UGA stop codon and adds
this unusual amino acid.

Mutations: Genotype
Versus Phenotype

Genetic information exists in the form of nucleic acids
known as the genotype. In contrast, the encoded proteins
function to create a phenotype, an outwardly observable
characteristic. Genotypic alterations may or may not cause
phenotypic alterations. For instance, missense mutations
refer to genetic changes that result in the incorporation of
a different amino acid at a specific codon location. These
changes may not dramatically alter the protein if the
replacement amino acid is similar to the original amino
acid (for example, a hydrophobic amino acid replaces
another hydrophobic amino acid). However, replacement
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of an amino acid with a different type of amino acid may
significantly change the conformation of the protein and
thus change its function. For example, in sickle cell anemia,
a valine replaces a glutamic acid at a single position and
permits the polymerization of the beta globin molecules to
cause stiffening and sickling of the red blood under low
oxygen conditions. Different forms of proteins (known as
conformers) provide the mechanism for diseases ranging
from Creutzfeldt-Jacob disease to Huntington disease.
Nonsense mutations describe base changes that replace
an amino-acid-encoding codon with a stop codon, which
causes premature termination of translation and results in
a truncated protein.” Truncation may result from the addi-
tion or deletion of one or two nucleotide bases, resulting in
a shift in the reading frame. Frameshifts often result in pre-
mature termination when stop codons are formed down-
stream from the mutation. Alterations in splice donor or
acceptor sites may either erroneously generate or pre-
vent appropriate splicing of the 1° transcript, resulting in a
frameshift mutation.”® Genetic changes in the untranslated
portions of the gene affecting the promoter, enhancer, or
polyadenylation signals may affect the expression of the
gene product and result in a phenotypic change. Not all
genotypic changes affect the phenotype. Genetic changes
affecting the third base of the codon rarely alter the gene
code and would therefore be less likely to cause incorpo-
ration of a different amino acid.

With the sequencing of the human genome, numerous
single nucleotide polymorphisms have been identified,
demonstrating the individual nature of human beings.
Numerous studies currently target correlating genotype
variations to disease phenotypes. These efforts, in combi-
nation with improved understanding of gene structure and
function, hold the promise of improved diagnosis, treat-
ment, and patient outcomes in the future.
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