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CHROMOSOMES     Inside the nucleus of almost all of the cells in the human body are two 

identical sets of 22 non-sex chromosomes (also called autosomes) and two sex chromo-

somes: either two X chromosomes for women or one X chromosome and one Y chromo-

some for men. These 46 chromosomes provide the instructions for the creation and func-

tioning of the entire body. 

Chromosomes are comprised of deoxyribonucleic acid, or DNA, and also a certain type of 

proteins, mostly histones which tightly bind the DNA and cause it to compact in an extreme 

fashion. While the nucleus of an average cell is visible only through a powerful microscope, 

the DNA it contains, if stretched out completely, is about 7 feet long and each chromosome 

contributes on average roughly 2 inches!

THE STRUCURE OF DNA     American and British scientists James Watson and Francis 

Crick discovered the structure of DNA—the double helix—in 1953, paving the way for cur-

rent and future genetics research. The DNA double helix resembles a spiral staircase and con-

sists of two coiled sugar-phosphate strands that are attached to each other by a series of 

‘steps’ made from pairs of nucleotide bases, called adenine, thymine, guanine and cy-

tosine. Nucleotides are the basic building blocks of DNA and are really phospharylated 

sugars with one of the above four possible bases attached. Based on their respective 

bases the nucleotides are called either deoxyadenosine triphosphate (ATP), deoxiguanosine 

triphoshate (GTP), deoxycytosinetriphosphate (CTP) , and thymidinetriphosphate (TTP) 

(usually referred to as A, G, C, and T). A always pairs with T, and G always pairs with C. These 

nucleotide pairs are also sometimes called base pairs.
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      HOW A GENE IS SWITCHED ON AND OFF     A gene contains three major se-

quence elements which are encoded by their respective characteristic nucleotide 

sequences. First, there is always one promoter (shown in red) at the beginning of 

the gene (50–500 nucleotides long). Promoters interact closely with corresponding 

specialized proteins called transcription factors (green balls) and this interaction 

dictates with incredible precision where (in which cell type) and when (during de-

velopment) a given gene is active (switched on and making the corresponding pro-

tein) or inactive (switched off and not making any protein). Promoters and their cor-

responding transcription factors are absolutely necessary for proper regulation of 

development of a whole body out of a single cell, the fertilized egg, and it is there-

fore no surprise that they frequently act abnormally in diseases. Some types of 

heart disease and many types of cancer are caused by mutations in the genes 

that code for transcription factors. The second sequence element is the exon, 

of which there are 1 to more than 50 per gene; these are sequences coding for pro-

tein. The third element is the intron which separates the exons and does not code 

for protein but has an important function (see below).

      PRODUCTION OF PRE MESSENGER RNA     The nucleus of each cell con-

tains small but complex and sophisticated protein particles (consisting of tran-

scription factors and an enzyme called RNA polymerase) that specifically 

recognize the beginning (promoter with TATA nucleotide sequence element) of a 

gene. The nucleus also contains proteins called polyadenylation factors that 

specifically recognize the end (AAUAAA nucleotide sequence element) of a gene. 

Working simultaneously, transcription and polyadenylation factors create an exact 

copy of the gene by transcribing its entire length into ribonucleic acid (RNA), a 

single-stranded form of nucleic acid that is chemically and structurally very simi-

lar to DNA. This initial gene copy is called pre-messenger RNA (pre-mRNA) and 

contains RNA nucleotides, the chemical counterparts of the original DNA nucle-

otides arranged in exactly the same sequence as the DNA nucleotides. Because of 

their strong chemical similarity with DNA nucleotides, and for practical reasons, the 

same abbreviation as for DNA nucleotides is used, except that instead of T 

(thimidine triphosphate), U (uraciltriphosphate) is always denoted: A, G, C and U. 

The pre-messenger RNA contains intron sequences which do not code for protein 

and exon sequences which do code for protein.

      PRODUCTION OF MESSENGER RNA BY REMOVAL OF INTRONS AND 

ADDITION OF THE POLY (A) TAIL     Introns are precisely excised ('spliced')  

from the pre-messenger RNA by a tiny particle inside the nucleus, called spli-

ceosome.  At  the same time, a nuclear enzyme, called  poly (A) polymerase adds 

to the end of each pre mRNA a poly (A) tail consisting of several hundred Ad-

enosine residues. The resulting molecule is called messenger RNA (mRNA). The 

poly (A) tail of each messenger RNA molecule is necessary for its export from the 

nucleus into the extra nuclear cellular compartment, the cytoplasm. 

      PRODUCTION OF PROTEIN FROM MESSENGER RNA     

In the cytoplasm the messenger RNA is translated according to its nucleotide 

sequence into a biologically active protein consisting of a single string of 

aminoacids (a few to several thousand), also called a polypeptide. Translation is 

performed by a small cellular particle called ribosome and is dependent on the 

ribosomes’ interaction with both the beginning and the poly (A) tail at the end of 

the messenger RNA. 

HOW INTRONS ALLOW THE GENER ATION 
OF MULTIPLE PROTEINS FROM A SINGLE GENE
Importantly, the presence of introns enables a single gene to produce multiple 

related, but distinct, messenger RNAs and their corresponding proteins. This 

is because some introns can also sometimes act as exons, depending on the cell 

type in which removal (splicing) of the introns from pre-messenger RNA occurs. In 

fact, from a single gene often one type of messenger RNA and protein is exclu-

sively made in one tissue (e.g., the heart) and another type of messenger RNA and 

protein is only made in another tissue (e.g., the lung). Precisely which introns are 

being excised depends on the cell type in which the splicing occurs. Thus the pres-

ence of introns in a gene is not a futile waste of energy but rather an incredibly so-

phisticated way of producing multiple (up to 10 or more) different messenger 

RNAs and their distinct protein counterparts from a single gene in a cell type-

dependent manner. Humans have an estimated 30,000 different genes. However, 

alternative splicing of pre-messenger RNA allows the generation of more than 

100,000 different proteins in the human body, in part explaining the incredible com-

plexity of humans.

ACQUIRED & INHERITED MUTATIONS

A mutation is a permanent alteration in the se-

quence of DNA (symbolized as a small blue star [       ] 

in the above diagram) which may have no effect on 

the organism, have a harmful effect, or, rarely, have a 

positive effect that increases the organism’s chance 

of survival and thus the likelihood that the mutation 

will be passed along to its offspring. A mutation can 

be induced by exposure to radiation, carcinogens, 

ultraviolet rays from the sun, or chemicals in food, 

water, or air that damage DNA; it may also occur ran-

domly due to a mistake during cell division, when a 

cell makes a copy of its own DNA. Although cellular 

repair mechanisms and the body’s immune system 

can often fix or eliminate mutated cells, mutations 

can sometimes accumulate, and, over time, a cancer 

may develop. This type of mutation is referred to as 

acquired, or somatic; the effects of acquired muta-

tions cannot be passed on to the next generation. If a 

mutation occurs in one of the body’s reproductive 

cells (sperm or eggs and their immediate precur-

sors)— whether due to an environmental factor or a 

mistake during cell division or because it already 

exists in all the cells of the parent’s body—it may be 

inherited by the child.

CERTAIN TYPES OF MUTATIONS 

CAUSE GENETIC DISORDERS

Genetic disorders can be caused by an inherited or 

acquired mutation in a single gene, usually, but not 

always, in the protein coding exons of the gene (see 

the blue star [      ] in the exons above). In fact, in a 

number of cases, the alteration of a single nucleotide 

base in an exon can make the body produce a faulty 

protein (see red proteins in the figure above with mu-

tated aminoacids symbolized by the blue star [       ]).  

Such mutations either affect the body in a negative 

way (gain of function mutation) or simply causes 

inactivation of the protein (loss of function), resulting 

in health conditions that range from fatal (Tay-Sachs 

disease) to merely strange (Fish Odor Syndrome). 

These disorders exhibit different inheritance pat-

terns— some are dominant, meaning that the child 

need only inherit one copy of the mutated gene 

(either from the father or the mother) to display 

symptoms. These are due to ‘gain of function’ muta-

tions, where a novel ‘poisonous’ protein is produced. 

Other disorders are recessive, meaning that the 

child must inherit a copy of the mutated gene from 

each parent in order to develop the disorder. In these 

cases the mutation causes functional inactivation 

(termed ‘loss of function’) of the protein. If only one 

copy of a given gene is mutated and thus inactivated 

the other healthy copy often still produces enough 

protein for normal cellular metabolisms, thus having 

no effect on the body. If both copies are mutated no 

active protein is made and this causes the disease.

There are over 3,000 known diseases that are caused 

by a mutation of a single gene. However, the vast ma-

jority of these are very rare, and often their frequency 

in a given population is less than 1 patient in 1,000 or 

even 1 patient in 100,000. 

Interestingly, the vast majority of DNA mutations 

have no effect at all because they occur in the >95% 

of the genome that does not contain any genes. 

Most mutations, whether located outside or inside of 

a gene, affect only one nucleotide pair. For example, 

the replacement of the middle C in the GCC triplet of 

exon 2 of the MEN1 gene results in the sequence GAC 

and causes a change of the amino acid glycine at po-

sition 42 of the MEN1 protein into aspartic acid, 

thereby causing a malignant tumor of the parathy-

roid and multiple endocrine neoplasia type 1.

If such mutations occur at a frequency of at least 1 in 

100 individuals they are called single nucleotide 

polymophisms. The vast majority of SNPs do no 

harm, as they are located outside of genes. Of those 

that occur within a gene, some can cause a disease 

directly or can cause a predisposition to a certain dis-

ease, making the person statistically more likely to 

develop a condition but not ensuring that it will 

occur. They only predispose a person to a disease 

rather than causing one. In some instances, another 

gene must be mutated before the disease is manifest, 

and a number of genes may each make a subtle con-

tribution to a person's susceptibility to a disease. 

HOW DO MUTATIONS CAUSE A DISEASE?
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