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Overview of globin genes and their disorders

Learning objectives

1. To be able to list the genes of the ( and ( clusters and explain how the chains they encode combine to form various normal haemoglobins present in fetal and extra-uterine life.

2. To be able to describe the major functions of haemoglobin

3. To be able to explain the types of mutation that can occur in globin genes and describe the functional abnormalities that can result from mutations in globin genes

4. To be able to explain how mutant globin genes inherited from parents can lead to significant abnormalities in children – including being able to calculate the probability of a certain genotype and phenotype in the children of particular parents

5. Be able to work out the answers to the 'questions to think about'.

The globin genes are in two clusters of structurally similar genes, the ( cluster on chromosome 16 and the ( cluster on chromosome 11. These are shown diagrammatically in Figure 1. The diagonal lines indicate a non-existent break in the chromosome, so that the diagram fits onto the page.
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Figure 1.

The genes are transcribed from left to right through embryonic, fetal and extra-uterine life, the only exception being that the ( gene is transcribed earlier than the δ gene. Each globin gene encodes a globin chain of the same name. Transcription of messenger RNA (mRNA) from each cluster of genes is controlled by an upstream regulator, called the locus control region (LCRB), in the case of the ( cluster, and called LCRA or HS -40 in the case of the ( cluster. These regulatory regions are essential for gene function. All normal haemoglobins are composed of two pairs of dissimilar globin chains, each globin enclosing a haem molecule, two (-like chains and two (-like chains, as shown in Table 1. 

Table 1. The normal haemoglobins present at various stages of intra-uterine and extra-uterine life.

	Period of life
	Haemoglobin
	Globin chains

	Embryo
	Gower 1
	(2(2

	
	Gower 2
	(2(2

	
	Portland 1
	(2(2

	Fetus
	F
	(2(2

	Neonate, infant, child and adult
	A
	(2(2

	
	A2
	(2(2


The embryonic haemoglobins are only present in the embryo of less than 16 weeks gestation. Thereafter fetal haemoglobin becomes dominant and remains so until about 6 weeks before birth from when haemoglobin A is produced in steadily increasing amounts. Fetal haemoglobin has dropped to only a few percent by the end of the first year of life. In adult life it is less than 1% in most people but is higher in 10-15% of people. Haemoglobin A2 is a minor haemoglobin, even in adult life, when it constitutes only 2-3.5% of total haemoglobin. In the neonate and infant it is even lower, reaching adult levels around 1-2 years of life. It has been postulated that the reason for fetal haemoglobin being dominant during intra-uterine life is that it has a greater oxygen affinity than haemoglobin A and this facilitates transfer of oxygen from the maternal to the fetal circulation. There are, however, reasons to doubt that this difference in affinity is critically important since the fetus of a mother with homozygous hereditary persistence of fetal haemoglobin, who has virtually 100% of haemoglobin F in her circulation, develops normally.


The main function of haemoglobin is to transport the haem molecule and protect it from oxidation so that it may, in turn, bind oxygen, permitting its carriage around the body. Minor functions are: (i) transport of CO2; (ii) transport of nitric oxide; (iii) buffering. It is important to distinguish between oxidation of haem, a harmful process that renders it non-functional, and oxygenation, a reversible process essential for its physiological function. Oxidized haemoglobin is called methaemoglobin. Oxygenated haemoglobin is called oxyhaemoglobin, in contrast to deoxyhaemoglobin. Normal haemoglobin function is very much dependent on the sigmoid oxygen dissociation curve. This ensures that at the oxygen tension of the lungs, oxygen is readily taken up and at the oxygen tension of the tissues it is equally readily released. The sigmoid shape of the oxygen dissociation curve is dependent on it having two pairs of dissimilar globin chains that interact with each other in such a way that the release of a single oxygen molecule facilitates the release of another, and so on. Certain very abnormal haemoglobins have four identical globin chains; they have a hyperbolic rather than sigmoid dissociation curve and thus are virtually totally lacking in function. It will be noted that there are two ( genes per chromosome, the globin chain encoded differing by a single amino acid. There are two ( genes per chromosome with considerably more mRNA being transcribed from the (2 gene than from the (1 gene. There is only one ( gene per chromosome and, not surprisingly, ( globin is normally produced in slightly greater amount than ( globin. 
Mutations in globin genes are common. They nature of the mutation varies greatly but includes:

1. Deletion of all or a major part of a gene

2. Point mutations, either altering or not altering the coding sequence

3. Small deletions leading to loss of one or more amino acids or to a frame shift with erroneous coding of all down-stream amino acids 

4. Small insertions leading to gain of one or more amino acids or to a frame shift with erroneous coding of all down-stream amino acids

5. Duplication of part of a gene leading to extra amino acids or, as above, to a frame shift

6. Mutation of a STOP codon to a coding codon so that an elongated chain is produced

7. Mutation of a coding codon to a STOP codon so that a shortened chain is produced

8. Cross-over between two similar genes so that a fusion gene encodes a fusion globin chain

9. Duplication of a gene.


The functional result of the mutation is likewise very varied but includes:

1. No alteration in the structure of the globin chain even though the gene is altered

2. A harmless alteration

3. A haemoglobin that polymerizes at low O2 tension, leading to sickle cell formation e.g. haemoglobin S, haemoglobin S-Oman (S-Oman is a variant haemoglobin with both the sickle mutation and a second mutation, leading to two abnormal amino acids in the ( globin chain)

4. A less soluble haemoglobin, e.g. haemoglobin C

5. A haemoglobin that co-polymerizes with S, leading to sickling in a patient with only one sickle gene, e.g. haemoglobin D-Punjab

6. A high affinity haemoglobin so that a higher haemoglobin concentration is needed for optimal O2 delivery

7. A low affinity haemoglobin so that a lower haemoglobin concentration suffices for optimal O2 delivery

8. A haemoglobin that is prone to oxidise to methaemoglobin, a non-functioning haemoglobin that cannot transport oxygen, leading to cyanosis and often to a higher haemoglobin concentration to achieve adequate O2 delivery

9. An unstable haemoglobin that leads to a haemolytic anaemia

10. A reduced rate or absence of synthesis of one of the globin chains so that the rate of synthesis of haemoglobin is reduced and cell damage occurs as a result of the excess of the chain that is produced in normal amounts; this is called thalassaemia

11. A complete or partial failure to switch from synthesis of haemoglobin F to synthesis of haemoglobin A which, if sufficiently marked, necessitates a higher haemoglobin concentration to maintain O2 delivery.  


A single mutation leading to a single structural change may cause more than one functional abnormality. For example, a haemoglobin may have a high oxygen affinity and also be unstable or prone to oxidise. Similarly, a structurally abnormal haemoglobin may also be synthesized at a reduced rate. 


The term thalassaemia means a condition in which there is a reduced rate of synthesis of one or more globin chains. Thus there can be (, (, γ or ( thalassaemias (and presumably ε thalassaemia). It should be noted that the term haemoglobinopathy can be used to refer to any abnormality resulting from a mutation in a globin gene (thus including the thalassaemias) or its use can be confine to conditions in which a structurally abnormal haemoglobin is produced (thus generally excluding the thalassaemias). The former use is more usual.

Initial investigation of a suspected abnormal (or variant) haemoglobin usually includes: (i) a blood film and count and (ii) either haemoglobin electrophoresis or High Performance Liquid Chromatography (HPLC). If the presence of sickle cell haemoglobin is suspected, a sickle solubility test is also indicated.

Questions to think about

1. A mutation of a ( gene is usually not of any clinical significance. Why is that?

2. If a patient has anaemia due to the presence of a low affinity haemoglobin why is there not increased synthesis of erythropoietin, leading to an improvement in the haemoglobin concentration?

3. If one ( gene is mutant, what percentage of the variant haemoglobin would you expect?

4. If one ( gene is mutant, what percentage of the variant haemoglobin would you expect?
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Reference books and electronic sources for haemoglobinopathies

1. Serjeant GR and Sergeant BE. Sickle cell disease, Third Edition, Oxford University Press, Oxford, 2001.

2. Bain BJ, Haemoglobinopathy Diagnosis, Second Edition, Blackwell Publishing, Oxford, 2006.
3. Barnhart MI, Henry RL and Lusher JM, Sickle Cell, Upjohn, Kalamazoo, 1974. (although this book was published many years ago it is well illustrated and has good clear explanations)
4. Schechter AN (2009) Hemoglobin research and the origins of molecular medicine. Blood, 112, 3927-3938.

































