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 Today, molecular and genomic information is informing the patient care decisions in many, if 
not most, areas of healthcare. Clearly, cancer diagnosis, prognosis, and treatment are driven 
largely by the molecular variants that drive the cancer and are the targets for new therapies. 
Medical genetics is moving beyond the classic single gene genetic disorders as we understand 
the genetic risk factors that drive the common chronic diseases that are costly to our healthcare 
system. While the clinical relevance of all areas of the human genome is not yet understood, 
our knowledge is growing rapidly and expanding well beyond the protein-coding genes to 
include many regulatory-coding regions, such as microRNAs and long noncoding RNAs 
(lncRNAs), in regions of the genome which used to be considered “junk.” For infectious dis-
eases, we are beginning to understand not only the well-known and emerging infectious agents, 
but that health and disease also relates to the symbiotic relationship of each patient with their 
microbiomes. Finally, the technologies available to the clinical molecular laboratory have 
advanced so the genome of individual patients can be analyzed for clinical care, even resulting 
in the defi nition of genomic critical values, which are recommended to be reported any time an 
exome or genome is sequenced for clinical purposes. 

  Molecular Pathology in Clinical Practice  addresses all areas of clinical molecular pathol-
ogy practice in a single textbook. This second edition has 12 new chapters, in addition to 
updates on the chapters from the fi rst edition. The new chapters cover diseases not included 
in the fi rst edition, plus two chapters on next-generation sequencing applications in genetics 
and cancer, and a proteomics chapter. The purpose of this textbook remains to provide a 
comprehensive reference for the practicing molecular pathologist as well as a resource for 
pathologists in any area of practice. The book also will continue to be used by training pro-
grams, both for Anatomic and Clinical Pathology and for Molecular Genetic Pathology 
trainees. This book is not meant to be a recipe book for clinical molecular tests, simply 
because the specifi cs of testing change quite rapidly in molecular pathology as new tech-
nologies emerge and are integrated into clinical molecular practice. Instead, the emphasis 
remains the molecular variants being detected for clinical purposes, the clinical usefulness 
of molecular test results, and the clinical and laboratory issues that require special attention. 
While this textbook focuses on molecular and genomic testing, with only a single chapter 
covering proteomics, the reader must understand that the genome does not drive all disease 
and health, but works in concert with the environment, the metabolome, the methylome, and 
other determinants of disease and health. 

 As we move toward genomic medicine, the molecular pathologist and all pathologists will 
play a signifi cant role in the proper utilization of molecular and genomic tests to improve 
patient outcomes and the cost-effectiveness of the care we deliver. In the era of US healthcare 
reform, the promise of genomic medicine aligns almost perfectly with the healthcare reform 
goals of improving individual patient outcomes, improving the health of populations, and 
reducing the cost of healthcare. While much of genomic research focuses on the clinical 
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 signifi cance of pathogen and patient genomic variants for diagnosis and therapy, evidence of 
the value of genomics in clinical care also is needed, especially as we move toward population 
health management and global payment models. 

 My hope is that you apply the information in  Molecular Pathology in Clinical Practice  to 
the care you provide for your patients.  

  Burlington, VT, USA     Debra     G.  B.     Leonard     
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Basics of Molecular Biology

Deborah Ann Payne

Abstract

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 activi-

ties (structural or catalytic) of a substance. One or more atoms constitute each molecule. 

Many molecules comprise the various cellular and subcellular components of an organism. 

Molecules form not only the physical structure of the organism but communicate informa-

tion between the various compartments of the cell. This communication can be the transfer 

of information from DNA to RNA and finally to protein or the subtle regulation of the cell’s 

internal homeostatic processes. This communication relies on the interaction of various 

molecules to insure the fidelity of the message or cellular regulation. This chapter describes 

the physical organization of cells, cellular organelles, and molecules important in cell divi-

sion, inheritance, and protein synthesis and describes how genetic information is communi-

cated within the cell.
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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. Many molecules com-

prise the various cellular and subcellular components of an 

organism. Molecules form not only the physical structure of 

the organism but communicate information between the 

various compartments of the cell. This communication can 

be the transfer of information from DNA to RNA and finally 

to protein or the subtle regulation of the cell’s internal 

homeostatic processes. This communication relies on the 

interaction of various molecules to insure the fidelity of 

the message or cellular regulation. This chapter describes 

the physical organization of cells, cellular organelles, and 

molecules important in cell division, inheritance, and pro-

tein synthesis and describes how genetic information is 

communicated within the cell.

 Organization of the Cell

The cell is a mass of protoplasm surrounded by a semiper-

meable membrane [1

of living matter capable of functioning independently; how-

with other cells. To function independently, cells must pro-

mailto:dpayne@unipathdx.com
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organisms, these organic processes form and maintain tis-

sues and the organism as a whole.

encode proteins, and control the function of the cell. 

comprise the two types of nucleic acids found in all cells. 

live and function.

 Prokaryotic Cells

6 base pairs (bp) (Table 1.1) [ -

mosomal genetic elements consist of circular plasmids also 

-

ria [3, 4]. Transposons also may confer antibiotic resistance 

contact with the bacteria’s cytoplasm.

 Eukaryotic Cells

 Cytoplasm

highly compartmentalized structures. The cytoplasm con-

organelles. The cellular membrane separates the cellular 

consist of hydrophobic lipid bilayers. The lipid bilayer con-

tains 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 

the nucleus and separate the chromosomes from the sur-

rounding cytoplasm. Further partitioning occurs within the 

nucleus to generate the nucleolus, which functions as the 

-

-

lus organizer (a specific part of a chromosome containing the 

genes that encode ribosomal RNAs) interacts with other 

molecules to form immature large and small ribosomal sub-

units. Following processing, immature subunits depart the 

-

through the nuclear pores and enter the cytoplasm.

 Mitochondria

Mitochondria are membrane-bound organelles within the 

cytoplasm of cells that have several cellular functions. 

chromosomes, resides in mitochondria. These maternally 

derived organelles contain their own circular chromosome 

another. As a result, not all mitochondria in a given cell have 

diversity of these organelles within and between different 

-

ent per cell, and this number may vary with different disease 

states [6, 7]. Mitochondrial genes encode mitochondria-spe-

-

various subunits of NAD dehydrogenase. Other components 

nuclear genes. For this reason, not all mitochondrial genetic 

diseases demonstrate maternal transmission. Mutations asso-

Table 1.1
elements [ ]

Genetic element Size in base pairs
9

Bacterial chromosome 6

Mitochondrial chromosome

Bacteriophage

Small nucleolar RNA (snoRNA)

Transcription start site-associated RNA 

(TSSa-RNA)

microRNA (miRNA)

Transcription initiation RNA (tiRNA)

D.A. Payne
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( ). The higher copy 

number per cell of mtDNA compared with genomic DNA 

-

acterization of mtDNA from severely degraded samples and 

scant samples. For this reason, mtDNA is suitable for paleon-

tological, medical, and forensic genetic investigations. 

Analysis of mtDNA has applications for diagnosis of mito-

chondrial-inherited genetic diseases, disease prognosis, as well 

as forensic identification of severely decomposed bodies [6 9].

 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 compart-

mentalization of cellular functions (such as molecular syn-

thesis, modification, and catabolism) increases the local 

concentration of reactive molecules and improves the bio-

chemical efficiency of the cell. This partitioning also protects 

inappropriate molecules from becoming substrates for these 

lysosomes segregate digestive and reactive molecules from the 

remainder of the cellular contents to prevent damage to the 

cell’s internal molecules and infrastructure. The pathologic 

accumulation of large molecules within lysosomes occurs 

when enzymes cannot chemically cleave or modify the large 

-

age diseases are associated with a variety of genetic variants 

1].

 Biological Molecules

-

the scaffold for all biomolecules. Basic subunit biomolecules 

-

bohydrates, nucleic acids, and amino acids.

 Carbohydrates

-

to lipids and proteins. The basic unit of a carbohydrate 

consists of the simple sugars or monosaccharides. These 

form a chain. As a result, the formula for a simple sugar is 

O)n, where n

the sugar element of DNA and RNA molecules, respectively. 

 Nucleic Acids

-

4) group, and a purine or pyrimidine 

base. The nucleotides are joined into a DNA or RNA strand 

ring molecules, which form N-glycosidic bonds with ribose 

4N4), while 

4 N ). 

two DNA molecules (Fig. 1.1). The additional hydrogen 

hydrogen bonds) dramatically enhances the strength of this 

interaction compared to the two hydrogen bonds present 

between A and T nucleotides. This hydrogen-bonding capac-

-

tion for all nucleic acids and assures the passage of genetic 

information during DNA replication, RNA synthesis from 

DNA (transcription), and the transfer of genetic information 

from nucleic acids to the amino acids of proteins.

Numerous types of base modifications increase the num-

hydrogen bonding characteristics, modified nucleotides 

serve various functions in the cell including (1) regulating 

reactivation, (3) identifying DNA damage, and (4) facilitat-

-

-

in normal tissue but hypomethylated in cancer tissue [ ]. 

1 Basics of Molecular Biology
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prevents various insults to the host genome by inactivating 

the ability of these elements to transpose themselves. 

Methylation also regulates the phenomenon of imprinting. 

wimpy testis (in Drosophila
interacting noncoding RNAs (specifically, piRNA) [11]. 

the function of tRNAs [ ]. Some of these modifications 

cation defects result in mitochondrial disease [13]. 

′-O-methylation and pseu-

douridylation and enable rRNA folding and stability. Such 

modifications result from interactions of the bases with small 

nucleolar ribonucleoproteins and noncoding small nucleolar 

RNAs [

the detection of modified bases, the role of modified bases in 

human disease may become better understood [14].

 Amino Acids

3), a 

atom. The R group can be a simple hydrogen, as found in 

-

), and 

determine whether an amino acid has a neutral, basic, or 

acidic charge. The amino group of a polypeptide is consid-

ered the beginning of the protein (N-terminus), while the 

-

ity 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 (Fig. 1.1). Nucleosides 

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 covalent 

′ carbon of the nucleo-

side’s sugar ring.

phosphodiester bonds between the 3′ carbon of the first 

′ carbon of the adjacent 

′ to 3′ directionality. The alternating 

P

P

Deoxyribose

Deoxyribose

N

N

N

N

N

N

H

H

H

O CH3

O

O

N

P

Deoxyribose

N

N

N H

H

H

N

N

O

N

Adenine Thymine

P

Deoxyribose

N

Cytosine

N H

H

Guanine

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 cytosine and 

guanine base pairs, with three hydrogen 

bonds. Reprinted with permission from 
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sugar-phosphate chain forms a continuous molecule with 

′ carbon of each sugar. For this 

-

bone of nucleic acids (Fig. ). The phosphate groups give 

nucleic acids a negative charge that imparts important phys-

iochemical properties to nucleic acids. The negative charge 

of DNA facilitates the binding of mammalian DNA to vari-

ous proteins and allows separation of nucleic acid molecules 

by charge and size during gel or capillary electrophoresis.

 Structure

the bases of the two strands, in which case the two strands 

are said to be complementary. The two strands are oriented 

′ to 3′ directions, such that one strand is oriented 

′ to 3′ and the complementary strand is oriented 3′ ′ in 

an antiparallel fashion (see Fig. 

′ end) of one DNA strand being adja-

cent to the tail (or 3′ end) of the opposite strand.

The molecular curves of the two DNA strands form anti-

turn, occupying 3.4 nm. Because the bonds between the 

sugar and the base are not perfectly symmetrical, the strands 

curve slightly. The slight curve of the offset glycosidic bonds 

results in major and minor grooves characteristic of the B 

]. Many clinical molecular tests 

Table 1.2 Amino acids

Amino acid

Amino acid  
symbols

Linear structure
Three 
letter

Single 
letter

Alanine ala A 3

Arginine arg R )3

Asparagine asn N

Aspartic acid asp D

cys

glu )

gln Q )

gly

his N C

ile 3 3

leu 3)

lys K )4

Methionine met M 3 )

phe F

pro N )3 C
Serine ser S

Threonine thr T 3

Tryptophan trp Ph C

Tyrosine tyr Y

Valine val V 3)

-

nyl ring.

AT

GC

CG

CG

CG

CG

Sugar-
phosphate
backbone

AT

GC

Major
groove

Minor
groove

TA

AT

3′

5′

3′

5′

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 
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