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Organization of chromosomes and microtubules in an epithelial cell in the metaphase. Green and 
red: immunochemically labeled tubulin and kinetochores, respectively. (Reprinted by permission 
from Kapoor TM et al: Chromosomes can congress to the metaphase plate before biorientation, 
Science 311:388–91, 2006. Copyright 2006, AAAS.) See color insert.



A living organism is composed of several basic elements: water, electrolytes, nucleotides, 
amino acids, sugars, and lipids. Water is the most abundant substance in a living system, 
occupying about 70–85% of the total volume in most cells. All living organisms were 
originally developed in water, and all biochemical and enzymatic reactions in a cell take 
place in an aqueous environment. Thus, water is the most important element in a living 
organism.

A cell consists of a number of electrolytes, including sodium, potassium, calcium, 
magnesium, chloride, phosphate, sulfate, and bicarbonate. These electrolytes participate 
in fundamental processes, such as the establishment and maintenance of cell membrane 
and action potentials, regulation of biochemical and enzymatic reactions, control of mus-
cular contraction and relaxation, formation of mechanical supporting and protection 
systems, and maintenance of the internal environment. The functions of these electrolytes 
will be discussed throughout the book where applicable.

Other elements, including nucleotides, sugars, amino acids, and lipids, participate in 
the formation of macromolecules, including deoxyribose and ribose nucleic acids (nucleo-
tides and sugars), proteins (amino acids), phospholipids (lipids), and polysaccharides 
(sugars). These macromolecules are essential to the formation, survival, function, and 
regeneration of living organisms. This chapter focuses on the structure and function of 
these macromolecules.

DEOXYRIBONUCLEIC ACIDS (DNA)

DNA is the molecule for the transmission, processing, and storage of hereditary informa-
tion. A DNA molecule is capable of replicating itself, a fundamental mechanism for the 
transmission of hereditary information from the mother to the daughter generation. A 
DNA molecule can be transcribed into various types of RNA, including messenger RNA 
(mRNA), ribosomal RNA (rRNA), and transfer RNA (tRNA). These RNA molecules 
participate in the translation of proteins. The translated proteins are transported to various 
compartments of a cell, serving as not only structural constituents, which provide the cell 
with shape and strength, but also enzymes and signaling molecules, which regulate cel-
lular activities and functions.

Composition and Structure of DNA [1.1]

A DNA molecule is constituted by joining together a large number of nucleotides. A 
nucleotide is composed of three elements, including a base, a β-d-2-deoxyribose, and 
a phosphate group. There exist four types of base, which are nitrogen-containing ring 
compounds, including two pyrimidines—cytosine and thymine, denoted as C and T, 
respectively—and two purines—adenine and guanine, denoted as A and G, respectively 
(Fig. 1.1). A base is capable of forming a complex with a deoxyribose (Fig. 1.2), giving rise 
to a molecule known as nucleoside. Collectively, there are four types of nucleoside based 
on the four bases, including cytidine, thymidine, adenosine, and guanosine. With the addi-
tion of 1, 2, or 3 phosphate groups, a nucleoside is converted to a nucleotide, known as 
nucleoside monophosphate, diphosphate, or triphosphate, respectively (Fig. 1.3). The 
nomenclature for various individual nucleosides and nucleotides are listed in Table 1.1.

A complete DNA molecule is a double-stranded helical polymer of nucleotides. Each 
stand is composed of a pentose–phosphate backbone and bases positioned on the side of 
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Figure 1.1. Chemical structure of pyrimidines (cytosine, thymine, and uracil) and purines (adenine 
and guanine) that constitute DNA and RNA.

Figure 1.2. Chemical structure of deoxyribose and ribose.

TABLE 1.1. Nomenclature of Nucleosides and Nucleotides for DNA

Types of Base Cytosine (C) Thymine (T) Adenine (A) Guanine (G)

Nucleosides Deoxycytidine  Deoxythymidine  Deoxyadenosine Deoxyguanosine
  (dC)  (dT)  (dA)  (dG)
Nucleotides Deoxycytidine 5′ Deoxythymidine 5′ Deoxyadenosine 5′ Deoxyguanosine 5′
  monophosphate  monophosphate  monophosphate  monophosphate
  (dCMP)  (dTMP)  (dAMP)  (dGMP)
 Deoxycytidine 5′ Deoxythymidine 5′ Deoxyadenosine 5′ Deoxyguanosine 5′
  diphosphate  diphosphate  diphosphate  diphosphate
  (dCDP)  (dTDP)  (dADP)  (dGDP)
 Deoxycytidine 5′ Deoxythymidine 5′ Deoxyadenosine 5′ Deoxyguanosine 5′
  triphosphate  triphosphate  triphosphate  triphosphate
  (dCTP)  (dTTP)  (dATP)  (dGTP)



the backbone. The backbone is formed by joining the pentose molecules via covalent 
phosphodiester bonds. A phosphate group joins one pentose at the 5′ carbon and to 
the next pentose at the 3′ carbon (Fig. 1.4). The four bases are attached to the pentose–
phosphate backbone and aligned on the same side of each DNA chain. The two strands 
of DNA are attached to each other via hydrogen bonds between the base pairs on the basis 
of the complementary principle, specifi ca, A with T and C with G. Note that a double-
ringed purine base (A or G) is always paired with a single-ringed pyrimidine (T or C) 
(Fig. 1.5). A hydrogen bond is established between a positively charged H and a negatively 

NH2

N O

N

O

OH

Deoxycytidine monophosphate and triphosphate

NH2

N O

N

O

OH

P

O

O

    O

-

P

O

O

    O

-

P

O

O

HO

-

Deoxyadenosine monophosphate and triphosphate

Deoxythymidine monophosphate and triphosphate

Deoxyguanosine monophosphate and triphosphate

O

N O

NH

O

OH

O

OH

O

N O

NH

O

OH

O

OH

NH2

N
H

NN

N

NH2

N
H

NN

N

O

OH

O

OH

N

NHN

N

O

NH2 N

NHN

N

O

NH2

12

3 4
5

6

1

23

12

3
4

5

6

1

23

4

5

1
2

34

5 6
7

8
9

1

23

1

23

1
2

34

5
6

7
8

9

CH2

4

5

CH2

P

O

O

HO

- 4

5

CH2

4

5

CH2

CH2

CH2

CH2

CH2

H C3
H C3

O O

P

O

O

HO

-

O

P

O

O

HO

-

O

P

O

O

HO

-

O

P

O

O

    O

-

P

O

O

    O

-

P

O

O

HO

-

O

P

O

O

    O

-

P

O

O

    O

-

P

O

O

HO

-

O

P

O

O

    O

-

P

O

O

    O

-

P

O

O

HO

-

O

Figure 1.3. Chemical structure of the nucleotides that constitute DNA.
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Figure 1.4. Formation of phosphodiester bonds between pentose molecules, constituting the back-
bone of DNA (based on bibliography 1.1).

charged acceptor, such as an O and N. A hydrogen bond is relatively weak, about 3% of 
the strength of a covalent bond. However, an array of hydrogen bonds, as found in the 
double-stranded helical DNA molecule, can be very strong if all hydrogen bonds are 
aligned on the same side of a DNA strand. For a double-stranded DNA molecule, the two 
sugar-phosphate backbones run in opposite directions, defi ned as an antiparallel arrange-
ment. One strand is defi ned as the 5′ → 3′ strand; the other, the 3′ → 5′ strand.

The four bases, A, G, C, and T, are organized into a series of a large number of distinct 
sequences, each forming an independent functional unit known as the gene. In eukaryotic 
cells, genes are composed of coding sequences called exons and noncoding sequences 
called introns. The exons contain codons for specifi c proteins with each codon composed 
of three nucleotides that specify an amino acid. In contrast, the introns are sequences for 
the regulation of gene transcription. The intron sequences do not contain protein-coding 
sequences. The different sequences or structures of DNA are defi ned as genotypes, which 
determine the chemical, physical, and functional characteristics, or phenotypes, of various 
living organisms.



A gene carries genetic information in a particular form that can be stored, processed, 
copied, transcribed to generate messenger RNA (mRNA), and transmitted from the 
mother cells to the progeny. The double-stranded helical structure is ideal for such pur-
poses. Since both nucleotide strands of a DNA molecule are complementary to each other, 
both strands carry identical genetic information. Such an organization ensures precise 
information transfer during DNA replication. When a DNA molecule is ready for replica-
tion, the two strands separate. Each strand can serve as a template for the synthesis of a 
new strand. A newly synthesized strand is identical to the complementary counterpart of 
the template strand. Thus, each daughter DNA is a pair of an original template and a 
newly synthesized strand. The daughter DNA molecules can in turn serve as templates 
for further DNA replication. In such a way, the genetic information can be stored, copied, 
and transmitted from generation to generation endlessly.

Organization of Chromosomes [1.2]

Each DNA molecule is packaged in a nuclear structure, known as chromosome. In 
humans, each cell contains 46 chromosomes, including a pair of sex chromosomes (XX 
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helical structure (based on bibliography 1.1).
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for female or XY for male), which are arranged in 23 pairs. One of each paired chromo-
somes is derived from each parent. Thus, each individual offspring inherits two copies of 
the same chromosome. The total chromosomes contain about 6.6 × 109 DNA base pairs. 
The spacing distance is about 3.4 Å per base pair. Each human cell contains 46 DNA 
molecules (one DNA molecule for each chromosome) with a total length of about 2 m. 
Given the small size of a cell nucleus (about 5–10 μm), the DNA molecules must be folded 
to fi t in the nucleus. The folding and packaging of DNA are accomplished with the assis-
tance of packaging proteins (primarily histones). DNA and the packaging proteins together 
form a structure called chromatin, which is organized to form a chromosome. Chromatin 
exists in two states: heterochromatin and euchromatin. Heterochromatin is a highly con-
densed form of chromatin and is not involved in RNA transcription, whereas euchromatin 
is less condensed and is ready for RNA transcription.

There are several levels of DNA packaging, including (1) formation of nucleosomes, 
which are DNA coils around protein cores; (2) folding of the nucleosome DNA into a 
fi ber structure (∼30 nm in diameter); (3) additional folding of the fi ber DNA into thicker 
bundles (100–300 nm); and (4) formation of loop domains, each containing 15–100 kilo–
base pairs (kb) (i.e., 15,000–100,000 base pairs). At the fi rst level, a string-like DNA 
molecule is coiled around a series of core complexes of proteins known as histones to 
form nucleosomes. Each nucleosome contains about 170 base pairs (bp) of DNA. Uncoiled 
DNA fragment between two adjacent nucleosomes is referred to as linker DNA, which is 
about 30 bp in length. There are several types of histones (H), including H2A, H2B, H3, 
and H4, which constitute the core complex of nucleosomes. These histones contain posi-
tive charges, which neutralize the negative charges of the DNA phosphate groups, thus 
stabilizing the DNA–histone complex structures. Each human cell nucleus contains about 
3 × 107 nucleosomes.

At higher levels, a string of DNA with coiled nucleosomes is folded and condensed 
into chromatin fi bers about 30 nm in diameter. These fi bers are further folded into thicker 
chromatin bundles. The folded chromatins form large loops, each containing thousands 
to millions of base pairs of DNA. The chromatin loops are organized into a chromosomal 
structure by nuclear matrix proteins, also known as nonhistone chromosomal proteins, 
which form chromosomal scaffolds. A well-characterized complex of nuclear matrix 
proteins is the condensin, which can be phosphorylated by the cyclin-dependent kinase-
1/cyclin B complex and controls the fi nal level of chromosomal condensation. With 
various levels of folding and confi nement by nuclear matrix proteins, a DNA molecule is 
greatly reduced in length and well organized, allowing the fi t of the molecule into a 
chromosome.

Functional Units of DNA [1.3]

All DNA molecules in the 23 pairs of chromosomes constitute the genome. Each DNA 
molecule within a chromosome is composed of several types of functional units, including 
the genes, a centromere, two telomeres, and numbers of replication origins (approximately 
1 per 100,000 bp). A gene is a functional unit for the process and transmission of genetic 
information and for coding a specifi c protein. In total, there are more than 50,000 genes 
in the human genome. Each offspring individual inherits two copies of the same gene, 
one from the mother and the other from the father. Several terms, such as genetic locus 



and alleles, are often used in genetic analysis. Genetic locus is defi ned as the chromosomal 
location of the two copies of each gene. Alleles are the forms of a gene at a genetic locus. 
Some genes exist in two or more alternate forms. Each gene is located at a specifi ed locus 
of a chromosome. When the two copies of the gene at the same locus are identical, the 
individual who carries the gene is defi ned as a homozygote. When the two gene copies 
are different at the same locus, the individual is said a heterozygote. In humans, about 
80% genetic loci contain homozygous genes and about 20% loci contain heterozygous 
genes.

Each gene encodes specifi c information for the transcription of an mRNA, which can 
be translated to a specifi c protein. The processes of mRNA transcription and protein 
translation are referred to as gene expression. At a given time, only a fraction of genes is 
expressed in the genome. The regulation of gene expression is a complicated process, 
involving a variety of signaling pathways and regulatory factors. In addition to the genes, 
there exist a large number of DNA sequences, which contain no information for pro-
tein coding in each DNA molecule. These noncoding sequences may participate in the 
regulation of gene stability and function, although the exact function remains poorly 
understood.

The centromere is a chromosomal structure that mediates the separation of a chromo-
some during mitosis and meiosis. In each DNA molecule or chromosome, the centromere 
is located at the point where a chromosome is attached to the microtubule-based spindle 
(Fig. 1.6). During mitosis, the centromeric regions of the two sister chromatids separate 
and are pulled by microtubules toward opposite poles. Each centromere region is com-
posed of heterochromatin, which does not contain coding genes. A centromere contains 
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Microtubule
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Chromosome

Figure 1.6. Location of centromere and separation of chromatids during mitosis (from metaphase 
to telophase). Based on bibliography 1.3.
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a substructure called kinetochore, which binds microtubules and directs the movement of 
chromosome during mitosis. The DNA sequence of a centromere forms complexes with 
proteins, known as centromere proteins, including centromere protein (CENP)A, B, and 
C. These proteins regulate the function of the centromere. Centromere protein A [which 
has a molecular weight of 17 kilodaltons (17 kDa)] possibly mediates the formation of 
kinetochore and assists the attachment of centromere protein C to the kinetochore. Cen-
tromere protein B (65 kDa) may regulate the formation and organization of the centro-
meric heterochromatin. Centromere protein C (107 kDa) plays a critical role in the assembly 
of the kinetochore. Centromere proteins A and C are required for mitosis. The blockade 
of centromere protein C with neutralizing antibody, which is injected into to the cell nuclei, 
induces alterations in the kinetochore and cell arrest in mitosis.

Telomeres are DNA sequences found at the two ends of a DNA molecule. A telomere 
possesses several basic functions: (1) controlling the integrity of the DNA ends, (2) 
guiding the DNA replication machinery during DNA replication, and (3) providing signals 
that allow the DNA replication machinery to recognize the DNA ends without joining 
two DNA molecules mistakenly. In mammals, telomeres contain numerous repeats of the 
sequence 5′-TTAGGG-3′. Such an organization results in a unique structure at the two 
ends of each DNA molecule, rich in G in one strand while rich in C in the other strand. 
In mammalian cells, telomeres form complexes with nuclear proteins, such as telomere 
repeat factors (TRFs) 1 and 2, which play a critical role in regulating the stability and 
function of telomeres. Alterations in the binding of telomere repeat factor 2 to the telo-
meres cause an increase in the possibility of chromosome-to-chromosome fusion.

The origins of replication are sites along a DNA molecule where DNA replication is 
initiated. The DNA sequences of the replication origins have been characterized in lower 
levels of organisms, such as bacteria, yeast, and viruses. A replication origin sequence is 
about 300 bp in length. Such a structure allows the binding of initiator proteins and heli-
case, initiating the formation of a replication bubble and two replication forks. At the 
replication fork, the synthesis and annealing of a RNA primer activate a DNA polymerase, 
initiating DNA replication.

DNA Replication [1.4]

DNA replication is a process that synthesizes a copy of the entire genome based on the 
mother template during cell mitosis, ensuring the transmission of an identical genome 
from the mother to the daughter cell during mitosis. DNA replication is accomplished 
through several steps, including replication initiation, DNA extension, and sequence proof-
reading. Since Escherichia coli have been used for investigating the mechanisms of DNA 
replication, the process of DNA replication is described here on the basis of an E. coli 
model. The mechanisms of E. coli DNA replication are similar to those in eukaryotic 
cells.

Initiation. The replication of E. coli DNA is initiated at a specifi c site known as the 
replication origin, which is composed of several elements including a consensus 13-bp 
sequence and several binding sites for regulatory proteins including dnaA protein and 
helicase. On the binding of dnaA protein to the replication origin, a helicase binds to the 
replication origin and unwinds the double-stranded DNA, resulting in the formation of 
regionally separated single DNA strands with free bases. The two separation points fl ank-
ing the replication origin are known as replication forks. With continuous separation of 



the DNA double strands, the replication forks are dynamically moving away from the 
replication origin. The separation of the replication origin and the formation of the replica-
tion forks prepare the synthesis of DNA.

The initiation of DNA synthesis requires the presence of several components in E. coli: 
RNA primers (∼30 bps in length) and DNA polymerases. A RNA primer is specifi c to the 
sequence of a replication origin and is synthesized by a RNA polymerase or primase. On 
the separation of a replication origin, a primase forms a complex with the template DNA 
as well as with several regulatory proteins, including dnaB, dnaT, priA, priB, and priC, 
leading to the synthesis of a specifi c RNA primer. The synthesis of a RNA primer induces 
the binding of a DNA polymerase. The synthesized RNA primer anneals to the replication 
origin, initiating DNA synthesis.

DNA Extension. DNA synthesis is a process by which the annealed RNA primer is 
elongated on the template DNA strand according to the base-pairing principle. Such a 
process requires the presence of several types of DNA polymerase and a DNA ligase. A 
bound, activated DNA polymerase is capable of selecting deoxynucleotides complemen-
tary to that of the template DNA and adding these deoxynucleotides to the RNA primer 
one at a time, resulting in the elongation of the daughter DNA molecule. The elongation 
of DNA occurs always in the 5′ → 3′ direction. At each replication origin, there goes 
bidirectional DNA synthesis. At each replication fork, DNA synthesis is conducted simul-
taneously along the two separated DNA strands in opposite directions, because of different 
polarities of the two DNA strands (Fig. 1.7). As one DNA template directs DNA elonga-
tion toward the dynamically moving replication fork, a process defi ned as the leading 
strand DNA elongation, the other DNA template directs DNA synthesis in a direction 
away from the fork, which is defi ned as lagging strand elongation. The leading strand 
DNA elongation is continuous, whereas the lagging strand elongation is discontinuous; 
thus, DNA is synthesized segment by segment, due to the constraints of the fork moving 
direction and the DNA synthesis direction (Fig. 1.7).
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Three types of DNA polymerase are found in E. coli: polymerases I, II, and III. DNA 
polymerase I possesses three functions: (1) catalyzing DNA extension in the 5′–3′ direction 
following a RNA primer on a DNA template, (2) serving as an exonuclease that eliminates 
mismatched deoxynucleotides and removes RNA primers on the lagging template follow-
ing DNA extension, and (3) degrading double-stranded DNA in the 5′ → 3′ direction. 
DNA polymerase II is involved in the repair of damaged DNA. DNA polymerase III pos-
sesses functions similar to those of DNA polymerase I, but with different target DNA 
strands. DNA polymerase III can act on both DNA strands, whereas DNA polymerase I 
works primarily on the lagging strand, completing DNA replication based on the template 
segments that have not been duplicated. DNA polymerase I also removes RNA primers 
following the completion of DNA extension. In addition, a DNA ligase is needed to join 
all newly synthesized DNA segments on the lagging template by catalyzing the formation 
of a phosphodiester bond between the 5′ phosphate of a nucleotide and the OH group of 
an adjacent nucleotide.

Proofreading. During DNA synthesis, incorrect nucleotides could be mistakenly inserted 
into the daughter DNA. These incorrect nucleotides are removed by an enzymatic process 
known as DNA proofreading or DNA proofediting. The enzymes that catalyze DNA exten-
sion, including DNA polymerases I and III, can serve as nucleases, which are responsible 
for the removal of incorrect nucleotides. These nucleases can recognize and excise mis-
matched bases by hydrolysis at the 5′ end of the mismatched nucleotide. Since these 
enzymes act in the 3′ → 5′ direction, the excision of a nucleotide at the 5′ end will leave 
a free 3′ OH group in the preceding base, allowing the insertion of a correct nucleotide.

DNA Replication in Prokaryotic and Eukaryotic Cells. The processes described above 
are observed in prokaryotic E. coli. DNA replication is similar between prokaryotic and 
eukaryotic cells in many aspects, but there are differences. First, the time required for 
DNA replication differs between the two types of cell. A DNA replication–cell division 
cycle for E. coli is about 40 min, whereas that for eukaryotic cells is much longer. For 
instance, the cell division cycle is about 1.5 h in yeast and 24 h in mammalian cells. 
Second, eukaryotic cells contain usually multiple chromosomes. These cells must conduct 
DNA replication simultaneously in all chromosomes in a coordinated manner. An effec-
tive approach is to initiate DNA replication at multiple replication origins. Such a mecha-
nism has been demonstrated by the existence of multiple DNA extension locations after 
a “pulse” exposure to radioactively labeled thymidine. In yeast, there exist about 400 
replication origins in the 17 chromosomes. Third, the types of DNA polymerase are dif-
ferent between prokaryotic and eukaryotic cells. In eukaryotic cells, four types of DNA 
polymerases have been found: α, β, γ, and δ. The eukaryotic DNA polymerases α and δ 
are similar to prokaryotic polymerase II. DNA polymerase β may be responsible in DNA 
repair. The γ type may be involved in the replication of mitochondrial DNA.

RIBONUCLEIC ACID (RNA)

RNA Composition and Structure [1.5]

Ribonucleic acid (RNA) is a molecule that transmits genetic information from DNA to 
proteins. Similar to a DNA molecule, RNA is composed of linearly joined nucleotides, 



each including a nitrogenous base, a pentose, and a phosphate group. Unlike DNA, the 
pentose for RNA is β-d-ribose instead of β-d-2-deoxyribose (Fig. 1.2) and the four bases 
are cytosine, uracil, adenine, and guanine with uracil in place of thymine (Fig. 1.1). Fur-
thermore, RNA is a single-stranded molecule and is relatively short compared to DNA 
molecules. The nomenclatures for various RNA nucleosides and nucleotides are listed in 
Table 1.2.

RNA is synthesized via DNA transcription, a process similar to DNA replication in 
certain aspects. To transcribe a RNA molecule, a DNA molecule opens locally into single-
stranded forms. One of the two strands serves as a template for RNA synthesis according 
to the base-pairing principle. That is, for a deoxynucleotide A on the template, a ribonu-
cleotide U (but not T) is added; and for a C on the template, a G is added. The RNA 
molecule is elongated by adding ribonucleotides one by one. These ribonucleotides are 
joined together via covalent bonds. The size and type of RNA transcribed from a region 
of DNA is controlled by proteins called gene regulatory factors. These proteins bind 
to specifi c sites of DNA and regulate the process of RNA transcription. For any given 
time, some genes are activated for RNA transcription, while others are not. The selection 
of gene activation is controlled by gene regulatory proteins, which are activated by 
upstream signaling pathways. The process of RNA synthesis stops when a DNA stop 
codon appears.

There exist three types of RNA molecules: messenger RNA (mRNA), transfer RNA 
(tRNA), and ribosome RNA (rRNA). An mRNA molecule is a copy of a specifi c gene 
that carries the information or codon for a protein. Thus, mRNA directs the translation 
or synthesis of a specifi c protein. An rRNA molecule serves as a machine for protein 
synthesis or translation with a specifi c mRNA as a template. A tRNA molecule is respon-
sible for the transfer of amino acids to an rRNA that synthesizes proteins based on an 
mRNA transcript. The three types of RNA work coordinately in protein translation.

RNA Transcription [1.5]

RNA transcription is a process that transfers genetic information from a gene to an mRNA, 
which is then translated to a protein. This sequence of processes is also known as gene 
expression. RNA transcription is similar to DNA replication except that (1) a different 
enzyme, the RNA polymerase, is used for RNA synthesis; (2) a uridine is used instead 
of thymidine; and (3) a single RNA strand is synthesized. Studies based on the E. coli 

TABLE 1.2. Nomenclature of Nucleosides and Nucleotides for RNA

Types of Base Cytosine (C) Uracil (U) Adenine (A) Guanine (G)

Nucleosides Cytidine Uridine Adenosine Guanosine
Nucleotides Cytidine Uridine Adenosine Guanosine
  monophosphate  monophosphate  monophosphate  monophosphate
  (CMP)  (UMP)  (AMP)  (GMP)
 Cytidine Uridine Adenosine Guanosine
  diphosphate  diphosphate  diphosphate  diphosphate
  (CDP)  (UDP)  (ADP)  (GDP)
 Cytidine Uridine Adenosine Guanosine
  triphosphate   triphosphate  triphosphate  triphosphate
  (CTP)  (UTP)  (ATP)  (GTP)
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16  STRUCTURE AND FUNCTION OF MACROMOLECULES

system have established that RNA transcription is accomplished through several steps, 
including initiation, elongation, and termination. Similar processes are found in eukaryotic 
RNA transcription with several exceptions (see below). Here, the E. coli system is used 
to describe the mechanisms of RNA transcription.

Initiation. A RNA molecule is transcribed from a specifi c gene and encodes information 
for the sequence of amino acids of a protein. RNA transcription is initiated at a DNA site 
next to a special DNA sequence known as a promoter, which is found in each gene and 
activated in response to the binding of transcription factors to specifi c DNA sequences 
known as enhancers. There are two types of promoter in the E. coli genome with consen-
sus sequences TTGACAT and TATAAT, which are located at the −35 and −10 sites relative 
to the fi rst base pair (+1) to be transcribed. On the binding of transcription factors, a RNA 
polymerase binds to a gene at the promoter region and unwinds the double-stranded DNA 
at the −10 site, forming an open promoter complex or “transcription bubble” (Fig. 1.8). 
Such a process initiates RNA transcription.

Elongation. The elongation of RNA is catalyzed by RNA polymerase, a complex enzyme 
that contains four subunits: α, β, β′, and σ subunits. The subunits can be separated from 
each another and bound to the other units. A complete complex of RNA polymerase sub-
units is required for the initiation of RNA transcription. RNA polymerase can recruit 
nucleotides and synthesize RNA based on a template gene according to the base-pairing 
principle. The enzyme can catalyze the addition of a nucleoside monophosphate to an 
existing RNA fragment while a diphosphate group is released from a recruited nucleoside 
triphosphate. The release of the diphosphate provides energy for the synthetic process. 
The “transcription bubble” continues to extend when RNA is synthesized (Fig. 1.8). RNA 
synthesis occurs in the 5′ → 3′ direction.

Termination. RNA synthesis is terminated when the RNA polymerase recognizes a ter-
mination sequence on the DNA template strand. This sequence contains a GC-rich segment 
followed by a stretch of six or more adenosine nucleotides. The GC-rich segment of the 
synthesized RNA can fold regionally, forming a short, hairpin-shaped, double-stranded 
RNA segment. This segment is followed by U-rich segment. These structures serve as a 
termination signal. The RNA polymerase is then released and RNA synthesis terminated 
when the enzyme recognizes these structures.

RNA Transcription and Processing in Eukaryotes. While RNA transcription in eukary-
otes is similar to that in prokaryotes in principle, there are several differences. Unlike 
prokaryotes, eukaryotes express at least three RNA polymerases, including polymerase I, 
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Figure 1.8. Schematic representation of RNA transcription (based on bibliography 1.5).



II, and III. These polymerases possess distinct functions. Polymerase I is for the synthesis 
of rRNA, polymerase II is for mRNA, whereas polymerase III is for tRNA.

In addition, transcribed RNAs in the nucleus are processed in eukaryotes before being 
delivered to the cytoplasm for protein translation. Immediately after the transcription 
of an mRNA molecule, an enzyme called guanyltransferase is activated, adding a 7-
methylguanosine residue to the 5′ end of the mRNA transcript. A sequence at the 3′ end of 
the transcript, usually AAUAAA, activates an endonuclease, which cleaves the mRNA mol-
ecule (∼20 bp) at the 3′ end. This step is followed by the activation of a poly(A) polymerase, 
inducing the addition of a poly(A) tail of 150–200 adenosine residues to the 3′ end of the 
mRNA. These processes generate a complete primary structure of an mRNA molecule.

Unlike prokaryotes, eukaryotes contain primary mRNAs that are composed of two 
types of sequence known as exons and introns. The exons contain protein coding regions 
and are used for protein translation, whereas the introns are sequences that interrupt the 
exons and do not contain protein coding information. An mRNA transcript must be spliced 
to remove the introns before protein translation occurs. A mature mRNA molecule is 
produced after the removal of the introns and is ready for protein translation. In eukary-
otes, mRNA splicing occurs in a structure called splicesome, which is composed of splic-
ing enzymes and associated factors. In addition to mRNAs, tRNAs, and rRNAs are also 
processed by splicing to remove introns.

PROTEINS

Protein Composition and Structure [1.6]

Proteins are molecules constituted with amino acids and are major components of living 
cells, constituting about 50% of the cell dry weight. There are two types of proteins in 
the cell: structural and regulatory proteins. Structural proteins participate in cell construc-
tion, giving a cell the shape, strength, and elasticity, whereas regulatory proteins control 
biological processes, such as cell-to-cell and cell-to-matrix communication, intracellular 
enzyme activation, signal transduction, control of gene expression, transport of necessary 
compounds for cell metabolism, cell division, cell differentiation, cell migration, and cell 
apoptosis. It is important to note that structural proteins are also involved in the regulation 
of cellular activities, which become clear in the following examples. Structural proteins 
include, for example, actin fi laments, microtubules, and intermediate fi laments, which 
form an integrated structure called cytoskeleton. While these proteins provide the cell 
with shape and strength, they play a critical role in the regulation of cell mitosis, migra-
tion, and adhesion. Regulatory proteins are found in the cell membrane, cytoplasm, and 
nucleus. Cell membrane proteins, such as growth factor receptors, adhesion molecules, 
and integrins, are responsible for cell-to-cell and cell-to-matrix interactions. Cytoplasmic 
proteins are mostly enzymes. Nuclear proteins are involved in the regulation of chromo-
somal organization and gene expression.

A protein consists of one or more peptides, which are constituted with 20 types of 
amino acid with distinct structure and chemical properties (Table 1.3). The combination 
of these amino acids gives rise to a variety of different peptides. The sequence of amino 
acids is specifi ed by a corresponding gene. The length of a peptide varies widely, ranging 
from several amino acid residues, such as oxytocin, to about 25,000 residues, including 
titin. Most peptides are composed of 100–1000 amino acids.

PROTEINS  17



18  STRUCTURE AND FUNCTION OF MACROMOLECULES

TABLE 1.3. Amino Acids Found in Humans and Animals*

  Three-Letter One-Letter
Amino Acids Chemical Forms Abbreviation Abbreviation

Alanine CH3CHCOOH Ala A
       |
     NH2

Arginine      NH Arg R
        ||
 H2NCNHCH2CH2CH2CHCOOH
                                 |
                               NH2

Asparagine       O Asn N
       ||
 N2NCCH2CHCOOH
                |
              NH2

Aspartic acid HOOCCH2CHCOOH Asp D
            |
          NH2

Cysteine HSCH2CHCOOH Cys C
             |
           NH2

Glutamic acid HOOCCH2CH2CHCOOH Glu E
                      |
                  NH2

Glutamine       O Gln Q
       ||
 N2NCCH2CH2CHCOOH
                      |
                    NH2

Glycine HCHCOOH Gly G
    |
 NH3

+

Histidine CH2 CH COOH
NH2HN N:

 His H

Isoleucine          CH3 Ile I
             |
 CH3CH2CHCHCOOH
                  |
                NH2

Leucine CH2CHCH2CHCOOH Leu L
        |             |
      CH3         NH2



TABLE 1.3. Continued

  Three-Letter One-Letter
Amino Acids Chemical Forms Abbreviation Abbreviation

Lysine H2NCH2CH2CH2CH2CHCOOH Lys K
                                |
                              NH2

Methionine CH3SCH2CH2CHCOOH Met M
                      |
                    NH2

Phenylalanine CH2 CH COOH
NH2

 Phe F

Proline COOH
H H

N
+  Pro P

Serine HOCH2CHCOOH Ser S
            |
          NH2

Threonine      OH Thr T
        |
 CH3CHCHCOOH
             |
           NH2

Tryptophan CH2 CH COOH
NH2N

H

 Trp W

Tyrosine CH2 CH COOH
NH2

HO  Tyr Y

Valine (CH3)2CHCHCOOH Val V
               |
            NH2

*Based on bibliography 1.6.

With the exception of one amino acid, proline, all amino acids are formed on the basis 
of a common structure, containing a central α-carbon atom bound with an amino group, 
a carboxyl group, a hydrogen atom, and a sidechain, the R group. Each amino acid has a 
distinct sidechain (Table 1.3). It is the sidechain that determines the unique chemical and 
physical properties of an amino acid. Proline has a cyclic sidechain linking the α carbon 
and the nitrogen, forming an imino group. Based on the structure and properties of the 
sidechains, amino acids can be classifi ed into two major groups: charged and uncharged 
amino acids.

Charged amino acids include those with positive and negative charges. Amino acids 
with positive charges include arginine, histidine, and lysine, which are also known as 
basic amino acids. Those with negative charges include aspartic acid and glutamic acid, 
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20  STRUCTURE AND FUNCTION OF MACROMOLECULES

also known as acidic amino acids. The charged amino acids are all hydrophilic in nature, 
capable of interacting with water, which determines the hydrophilic features of proteins.

The remaining 15 amino acids are all uncharged. Among these amino acids, fi ve are 
polar amino acids, including serine, threonine, tyrosine, asparagines, and glutamine. The 
sidechains of these amino acids contain either polar hydrogen bond donors or acceptors, 
capable of interacting with water. These are considered hydrophilic amino acids. The 
remaining 10 uncharged amino acids possess nonpolar sidechains and interact poorly with 
water. These amino acids include glycine, alanine, valine, leucine, cysteine, methionine, 
praline, isoleucine, phenylalanine, and tryptophan. These are considered hydrophobic 
amino acids. Because of the versatility of the amino acids, a large number of proteins can 
be constructed.

Several amino acids can be modifi ed by the addition of various chemical groups under 
the action of specifi c enzymes. For instance, a phosphate group can be added to serine, 
threonine, tyrosine, and histidine by a family of enzymes known as protein kinases, result-
ing in amino acid phosphorylation. Such a process plays a critical role in the regulation 
of a variety of cellular activities, such as cell division, adhesion, and migration. Other 
types of amino acid modifi cation include the addition of the methyl group to lysine and 
the hydroxyl group to proline, as well as the formation of disulfate bonds between adjacent 
cysteine residues. These modifi cations are essential to the function and stability of 
proteins.

Protein Translation [1.7]

Protein translation is a process that synthesizes protein. The synthesis of proteins requires 
three basic elements: ribosomes, messenger RNA (mRNA), and transfer RNA (tRNA). 
Ribosomes are composed of rRNA components and regulatory proteins. There are three 
rRNA modules in E. coli ribosomes with distinct molecular sizes: 5S, 16S, and 23S (S: 
sedimentation velocity, a measure of molecular size). These molecules are transcribed 
from specifi c DNA sequences at specifi ed locations of a DNA molecule. rRNA compo-
nents and ribosomal proteins form two complex subunits. In prokaryotes, the two subunits 
are 50S and 30S in molecular size, whereas in eukaryotes they are 60S and 40S. These 
ribosomal structures serve as machineries for protein synthesis.

A messenger RNA molecule is a sequence of linear nucleotides, carrying genetic 
codons that dictate the sequence of amino acids for a specifi c protein. The genetic codons 
are stored in a DNA molecule. DNA transcription transmits the genetic codons to mRNA 
molecules. Each amino acid is represented by a codon of three nucleotides. In other words, 
each 3-nucleotide codon determines a type of amino acid to be incorporated into a peptide 
at a specifi ed site. Genetic codes for all amino acids found in humans are listed in 
Table 1.4. In addition to the codons for amino acids, each mRNA molecule contains stop 
codons, including UAG, UGA, and UAA, which signal the termination of peptide transla-
tion when recognized by a ribosome.

A tRNA molecule is responsible for the transport of an amino acid to a ribosome during 
protein synthesis. Transfer RNA is able to not only identify a specifi c amino acid but also 
recognize a corresponding codon on a mRNA molecule, ensuring the placement of the 
amino acid to an appropriate position. There are two functional domains in each tRNA 
molecule: an anticodon and an amino acid attachment site. The anticodon is a seven-
nucleotide sequence that recognizes and binds to a mRNA site according to the comple-
mentary rule. The amino acid attachment site binds to an amino acid. Each amino acid 



is carried by a specifi c tRNA molecule. Like rRNA, a tRNA molecule is coded by a spe-
cifi c gene at a specifi ed location in a DNA molecule.

Protein translation is accomplished via three steps: initiation, elongation, and termina-
tion. These processes have been well understood in prokaryotes. Here, the prokaryote 
protein translation system is used as an example.

Initiation. The initiation of protein translation requires RNA molecules, including 
mRNA, rRNA, and tRNA, and rRNA-constituted ribosomes. In addition, three regulatory 
factors, termed initiation factors (IFs) 1, 2, and 3, are necessary. Several steps are involved 
for the initiation of protein translation. First, the translation of protein starts with the 
activation of IF3, which stimulates the binding of mRNA to the 30S subunit of ribosome. 
mRNA binding induces the attachment of the 50S subunit to the 30S subunit, forming a 
complete ribosome (note that the two ribosomal subunits are present in separate forms 
without protein synthesis when they are not activated). Second, IF2 is activated to bind 
GTP and fMet-tRNA, which is a translation initiator tRNA carrying N-formylmethionine 
(fMet). This combination stimulates the attachment of fMet-tRNA to a specifi c initiation 
codon (AUG or GUG) on the mRNA molecule localized to an rRNA site, known as the 
P site. An initiation codon is preceded by a sequence that can hybridize to rRNA. The 
GTP molecule provides energy for the ribosomal assembly process. When a phosphate 
group is removed from the GTP molecule, IF2 and IF3 are released from the ribosomal 
complex.

TABLE 1.4. Genetic Codes for Amino Acids*

Amino Acids Genetic Codes

Ala GCU GCC GCA GCG
Arg CGU CGC CGA CGG AGA AGG
Asn AAU AAC
Asp GAU GAC
Cys UGU UGC
Gln CAA CAG
Glu GAA GAG
Gly GGU GGC GGA GGG
His CAU CAC
Ile AUU AUC AUA
Leu UUA UUG CUU CUC CUA CUG
Lys AAA AAG
Met AUG
Phe UUU UUC
Pro CCU CCC CCA CCG
Ser UCU UCC UCA UCG AGU AGC
Thr ACU ACC ACA ACG
Trp UGG
Tyr UAU UAC
Val GUU GUC GUA GUG
Initiation codes AUG GUG
Stop codes UAA UAG UGA

*Based on bibliography 1.7.
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Elongation. Elongation is a process by which amino acids are added to the initiation 
fMet-tRNA one at a time. Such process is regulated by several protein elongation factors 
(EFs), including EF-Tu, EF-Ts, and EF-G. The elongation factor EF-Tu regulates the 
attachment of aminoacyl-tRNAs to a specifi c mRNA codon localized to an rRNA site 
adjacent to the P site, known as the A site. The binding of GTP to the aminoacyl-tRNA 
is required in this process for supplying energy. When GTP is hydrolyzed, elongation 
factor EF-Ts attaches to the ribosome, regulating the release of the EF-Tu-GDP complex, 
leaving tRNA at the A site. Note that at this state the fi rst amino acid or a synthesized 
partial peptide is attached to the P site. An enzyme called peptidyltransferase catalyzes 
a process that transfer the amino acid or partial peptide from the P to the A site. At the 
same time, the elongation factor EF-G initiates a process that moves the mRNA molecule 
by three base pairs in the 5′ → 3′ direction, which is associated with the release of the 
tRNA at the P site and the transfer of the peptide together with the associated tRNA from 
the A to the P site (Fig. 1.9).

Termination. Termination of protein translation is initiated when one of the three 
stop codons of the mRNA, specifi cally UAG, UAA, and UGA, appears at the A site. At 
least three regulatory proteins, known as release factors (RFs) 1, 2, and 3, regulate trans-
lation termination. These release factors can recognize and bind to a stop codon at the A 
site of the ribosome, inducing the release of synthesized peptide from the P site. The 
ribosome is then dissociated into two free subunits. Synthesized peptides undergo protein 
splicing and folding processes, eventually forming proteins with a three-dimensional 
structure.
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Figure 1.9. Schematic representation of protein translation. Several steps are involved in protein 
elongation: (1) recruitment of an aminoacyl-tRNA molecule to site A; (2) transfer of a partial 
peptide from site P to site A; (3) removal of the tRNA at site P; (4) movement of the peptide–tRNA 
complex from site A to site P; (5) movement of the rRNA complex toward the 3′ direction by three 
base pairs (based on bibliography 1.7).



Protein Folding and Architecture [1.8]

All proteins are folded into a three-dimensional structure after being translated. A protein 
is composed of one or more peptides, which are sequences of linearly jointed amino acids 
via peptide bonds. Three atoms from each amino acid, including the nitrogen from the 
amino group, the α-carbon, and the carbon from the carboxyl group, join together to form 
a central structure for each peptide called the polypeptide backbone. A peptide chain is 
synthesized in a ribosome based on the codons of an mRNA. The peptide end with a free 
amino group is referred to as the N-terminus, where peptide synthesis begins, and the end 
with a carboxyl group is the C-terminus. The counting of the number of amino acids starts 
at the N-terminus. Most peptide bonds can rotate freely, giving the fl exibility of forming 
a variety of different conformations for proteins.

A peptide is usually folded into a three-dimensional (3D) structure, resulting in a fi nal 
conformation that exhibits maximal stability and functionality. A denatured protein mol-
ecule under harsh conditions, such as extreme pH and a high concentration of urea, lose 
not only its conformation but also function. However, proteins are able to refold back to 
their original conformation and regain their functions under restored physiological condi-
tions. Various chemical and physical features of the amino acids in a peptide chain deter-
mine the process of protein folding and the 3D protein conformation. The hydrophobic 
and hydrophilic features of amino acids play a critical role in controlling protein folding 
and conformation. The uncharged hydrophobic nonpolar sidechains of the amino acids 
intend to pack themselves in the core of a protein to minimize exposure to water mole-
cules. The core of a protein contains the most conservative amino acids. In contrast, most 
charged and polar sidechains of amino acids are localized to the surface of a protein and 
capable of interacting with water molecules.

By X-ray diffraction and nuclear magnetic resonance spectroscopy, the structure 
of proteins can be determined to atomic accuracy. Protein structural analysis has 
demonstrated that proteins usually contain two types of secondary structure: α-helix 
and β-sheet. These structures are common in most proteins, although the overall confor-
mation varies from protein to protein. An α-helix is a right-handed coiled structure with 
3.6 residues per turn (Fig. 1.10). The helical structure is formed on the basis of hydrogen 
bonding between adjacent polar groups of the peptide backbone. A β-sheet is a structure 
containing several antiparallel segments of a single peptide, which is formed as a result 

Figure 1.10. Crystallographic structure of a parallel α-helical coiled-coil dimer of the intermediate 
fi lament protein vimentin. (Reprinted from Burkhard P et al: Trends Cell Biol 11:82–8, 2001 by 
permission of Elsevier.)
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of the back-and-forth turning of the peptide (Fig. 1.11). The antiparallel segments are 
linked together by lateral hydrogen bonds between the polar groups of the peptide 
backbone.

There exist peptide fragments that are not organized into regular structures like α-
helices and β-sheets. These peptides exhibit disordered structures and can move more 
freely than a α-helix and β-sheet. Such structures are often found at the N- and C-termini. 
Collectively, α-helices, β-sheets, and irregular fragments are referred to as secondary 
structures (note that the amino acid sequences are known as the primary structure). These 
structures can be further organized into higher levels of 3D conformation. Examples of 
3D protein structures include the coiled-coil structure, which is a complex of paired α-
helices interacting laterally via hydrophobic bonds (Fig. 1.10), and the β-barrel structure, 
which is a cylindrical structure formed by a number of β-sheets. The formation of these 
superstructures enhances the stability of proteins. Furthermore, most proteins are com-
posed of multiple peptides, which are integrated into a protein molecule. Proteins also 
form complexes such as dimmers and trimers. All these forms are essential for the func-
tionality of proteins.

Changes in Protein Conformation [1.8]

Proteins undergo dynamic changes in their conformation. The atoms of a protein may 
move in a very fast speed in the order of 100 m/s within a nanometer range. Protein–
protein interactions may induce conformational changes on the molecular scale. Such 
conformational changes play a critical role in the regulation of molecular activities. For 
instance, the binding of a growth factor to its receptor may cause a conformational change 
in the receptor, initiating autophosphorylation of the cytoplasmic receptor tyrosine kinase, 
which is associated with most growth factors. Conformational changes and autophos-
phorylation are critical processes for the activation of mitogenic signaling pathways. In 
the contractile apparatus of muscular cells, a conformational change in the myosin head, 
on the activation of a myosin molecule, is an essential process that initiates the sliding of 
actin fi laments and the generation of forces. Conformational changes in protein kinases 
and phosphatases, such as the Src protein tyrosine kinase and the Src homology 2 domain-
containing protein tyrosine phosphatase, control the state of molecular activation. It is 
commonly received that a protein conformational change is an essential process for the 
regulation of protein functions.

Figure 1.11. Schematic representation of the structure of a β-sheet-containing protein (based on 
bibliography 1.8).



LIPIDS

There are various types of lipid molecules in mammalian cells, including phospholipids, 
glycolipids, steroids, and triglycerides. These lipid molecules play important roles in the 
construction of cellular structures and in the regulation of cellular functions. Lipids are 
the basic building blocks for cell and subcellular membranes, serve as hormones and 
intracellular signaling molecules, and contribute to the production of energy. The structure 
and function of common lipids are briefl y described in the following sections.

Phospholipids [1.9]

Phospholipids are the primary constituents of cell membrane. A phospholipid contains 
several basic elements, including an alcohol, two fatty acid chains, and a phosphate group, 
which can be bonded with another alcohol group. Based on the alcohol structure, phos-
pholipids can be further divided into two subgroups: phosphoglycerides and sphingolipids. 
A phosphoglyceride contains a glycerol as an alcohol group, whereas a sphingolipid con-
tains a sphingosine.

Phosphoglycerides. In a phosphoglyceride molecule, two of the three —OH groups of 
the alcohol (glycerol) molecule are bonded with fatty acids via ester bonds, and the 
remaining —OH group is esterifi ed by a phosphate group. The phosphate group can be 
bonded with another chemical groups, which can be either inositol, serine, ethanolamine, 
or choline (Fig. 1.12). Each combination gives rise to a distinct phosphoglyceride, includ-
ing phosphatidylinositol, phosphatidylserine, phosphatidylethanolamine, or phosphatidyl-
choline, respectively. It is important to note that some of these phosphoglycerides not only 
contribute to the construction of cell membrane, but also serve as signaling molecules. 
For instance, phosphatidylinositol (Fig. 1.13), when phosphorylated into phosphatidylino-
sitol 3,4 biphosphates, play a critical role in the regulation of G-protein receptor-initiated 
signal transduction (see Chapter 5).

A phosphoglyceride molecule contains a polar alcohol head and nonpolar fatty acid 
tails, which render the molecule amphipathic in nature, that is, hydrophilic at the head 
and hydrophobic at the tail. Such a modular arrangement determines the form of phos-
phoglyceride aggregation while they are mixed in an aqueous solution. The hydrophilic 
head of phosphoglyceride interacts with the water molecules, while the hydrophobic 
tail intends to interact with the hydrophobic tails from different phosphoglyceride mole-
cules, resulting in the spontaneous formation of a lipid bilayer with two water-contacting 
surfaces composed of hydrophilic heads and an internal layer composed of hydrophobic 
tails (Fig. 1.14). Indeed, all cell membranes are established on the basis of such a 
principle.

Sphingolipids. Sphingolipids are composed of a sphingosine, two fatty acid chains, and 
a phosphate group (Fig. 1.15). These molecules possess properties similar to those of 
phosphoglycerides and can be found in the membrane of many cell types. Sphingolipids 
can aggregate into microdomains in cell membranes, which may play a role in targeting 
specifi c proteins to the plasma membrane and in organizing membrane-associated signal-
ing pathways. For instance, K+ and other ion channels are localized to lipid microdomains 
on the cell surface. Sphingolipids can interact with ion channels and mediate the localiza-
tion of the ion channels. Sphingolipids are also involved in the regulation of cellular 
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Figure 1.12. Chemical composition of glycerol, choline, and phosphatidylcholine (based on bibli-
ography 1.9).

Figure 1.13. Chemical composition of phosphatidyl inositols (PI). Based on bibliography 1.9.

activities, such as cell apoptosis and proliferation. Some sphingolipid molecules such as 
ceramide and sphingosine promote cell apoptosis, whereas others such as sphingosine-1-
phosphate induce cell proliferation. These observations demonstrate the involvement of 
sphingolipids in the regulation of signal transduction.
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Figure 1.14. Constituents of a lipid bilayer.

Figure 1.15. Chemical composition of the sphingolipid molecule sphingosine(based on bibliogra-
phy 1.9).

Glycolipids [1.10]

Glycolipids are lipid molecules that contain carbohydrates or sugar residues, including 
glucose and galactose. Glycolipids are found in the membrane of all cell types and primar-
ily distributed in the extracellular half of the lipid bilayer, constituting about 5% of the 
lipid molecules. These molecules often form aggregates via self-assembly. Given the 
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unique location of the glycolipids, it has been speculated that these molecules may play 
roles in regulating the interaction of cells with extracellular factors and may also serve to 
protect the cell from extreme chemical conditions.

Steroids [1.11]

Steroids are lipids that contain a structure with four fused rings, including three cyclo-
hexane rings and a cyclopentane ring. Steroid compounds found in mammalian cells 
include cholesterol, vitamin D, progesterone, adrenocortical hormones, gonadal hormones, 
and bile salts. Cholesterol is the most abundant steroid in mammals and exists in a free 
form or a form esterifi ed with fatty acids (Fig. 1.16). It participates in the construction of 
cell membrane structures, and is a basic molecule for the derivation of other steroids, such 
as vitamin D, adrenocortical hormones, gonadal hormones, and bile salts.

Because of the infl uence of blood cholesterol on atherogenesis, cholesterol has received 
much attention. A high level of blood cholesterol is referred to as hypercholesterolemia, 
a condition facilitating the development of atherogenesis. Cholesterol can be taken up from 
digested foods and also synthesized by the liver. The rate of cholesterol synthesis is 
dependent on the blood level of cholesterol, which controls cholesterol synthesis based on 
a negative feedback mechanism. Namely, a high level of blood cholesterol inhibits cho-
lesterol synthesis. Dietary cholesterol can be absorbed into blood from the small intestine 
in a form known as chylomicron, which contains cholesterol, triglycerides, and apopro-
teins. Under the action of lipoprotein lipase, triglycerides are released from the chylomi-
crons, forming chylomicron remnants that consist of cholesteryl esters and apoproteins. 
The chylomicron remnants can be taken up by hepatocytes in the liver, where cholesterol 
is cleaved and released into the blood. Free cholesterol molecules can be taken up by cells 
for various purposes, including the construction of cell membrane, formation of bile, 
synthesis of hormones, and generation of endogenous lipoproteins.

In the liver, cholesterol can be used for generating endogenous low-density lipoproteins 
(LDL), which is circulated in the blood for 1–2 days and constitutes the major pool of 
plasma cholesterol (60–70% of total cholesterol). Circulating LDL is a major form that 
delivers cholesterol to needy cells. The release of cholesterol from a LDL molecule results 
in the formation of high-density lipoproteins (HDL), consisting of apoproteins and resid-
ual cholesterol. HDL can be reused in the liver to form LDL.

Clinically, hypercholesterolemia can be divided into two groups: primary and second-
ary. The primary hypercholesterolemia is an inherited disease and is induced by genetic 
defects. In some patients, the cholesterol metabolic disorder is due to a single gene defect, 
which is called monogenic hypercholesterolemia. This type of disorder can be predicted 
on the basis of the Mendelian genetic mechanism; some members of a family inherit the 

HO

H C

CH

3

H C3

H C3
3

CH3

Cholesterol

Figure 1.16. Chemical composition of cholesterol.



disease whereas others do not. In other patients, it is caused by a combination of multiple 
gene mutations and environmental stimulation. This type of cholesterol metabolic disorder 
is called polygenic hypercholesterolemia. In this case, the plasma cholesterol level of all 
family members may increase at some time during their lifespans, if the intake of saturated 
fats and cholesterol is high. Of all patients with hypercholesterolemia, the vast majority 
belong to the polygenic type. Secondary hypercholesterolemia is a complication of meta-
bolic disorders, such as diabetes.
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