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Antibodies are host proteins produced in response to the presence of 
foreign molecules in the body. They are synthesized primarily by 
plasma cells, a terminally differentiated cell of the B-lymphocyte 
lineage, and circulate throughout the blood and lymph where they bind 
to foreign antigens. The antibody-antigen complexes are then re­
moved from circulation primarily through phagocytosis by mac­
rophages. 

Antibodies are a large family of glycoproteins that share key struc­
tural and functional features. Functionally, they can be characterized 
by their ability to bind both to antigens and to specialized cells or 
proteins of the immune system. Structurally, antibodies are composed 
of one or more copies of a characteristic unit that can be visualized as 
forming a Y shape (Fig. 2.1). Each Y contains four polypeptides-two 
identical copies of a polypeptide known as the heavy chain and 
two identical copies of a polypeptide called the light chain. Antibodies 

·are divided into five classes, lgG, lgM, IgA, lgE, and lgD, on the basis 
of the number of Y-like units and the type of heavy-chain polypeptide 
they contain. 

Many of the important structural features of antibodies are easiest 
to discuss by considering lgG antibodies, which contain only one 
structural Y unit and are also the most abundant in serum. For 
simplicity, mouse antibodies are used as examples in the discussions 
below, but their key properties are similar to those from other species. 

FIGURE 2.1 
Two influenza hemagglutinin (HA) molecules bound by an IgG molecule. 
(Adapted from Wrigley et al. 1983.) 
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Antibodies from the lgG class have two identical 
antigen binding sites 

lgG molecules have three protein domains, and Figure 2.2 shows how 
these domains are organized. Two of the domains are identical and 
form the arms of the Y. Each arm contains a site that can bind to an 
antigen, making lgG molecules bivalent. The third domain forms the 
base of the Y, and this region is important in certain aspects of the 
immune response. The three domains may be separated from each 
other by cleavage with the protease papain. The two domains that 
carry the antigen binding sites are known as Fab fragments (named 
for the fragment having the antigen binding site), and the protein 
domain that is involved in immune regulation is termed the Fe frag­
ment (for the fragment that crystallizes). The region between the Fab 
and Fe fragments is called the hinge. This segment allows lateral and 
rotational movement of the two antigen binding domains. In practice, 
this allows the binding domains freedom to interact with a large 
number of different antigen conformations (Fig. 2.3). 

The two heavy-chain polypeptides in the Y structure are identical 
and are approximately 55,000 daltons. The two light chains are also 
identical and are about 25,000 daltons (Fig. 2.4). One light chain 
associates with the amino-terminal region of one heavy chain to form 
an antigen binding domain. The carboxy-terminal regions of the two 

Antigen 
binding~ 
site ( 

FIGURE 2.2 
Antibody domains. 
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FIGURE 2.3 
Hinge and flexibility . 
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FIGURE 2.4 
Heavy and light chains combine to form 
antibody . 
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heavy chains fold together to make the Fe domain. The four poly­
peptide chains are held together by disulfide bridges and noncovalent 
bonds. 

In addition to the lgG molecules, serum contains 
other classes of antibody molecules 

TABLE 2.1 

The other antibody classes, IgM, IgA, IgE, and IgD, are distinguished 
by the type of heavy chain found in the molecule. Where IgG mole­
cules have heavy chains known as y-chains, IgMs have p,-chains, IgAs 
have a-chains, IgEs have E-chains, and IgDs have 5-chains. The differ­
ences in the heavy-chain polypeptides allow these proteins to function 
in different types of immune responses and at particular stages of the 
maturation of the immune response. The protein sequences respon­
sible for these differences are found primarily in the Fe fragment. 
Different classes of antibodies may also vary in the number of Y-like 
units that join to form the complete protein. IgM antibodies, for 
example, have five Y-shaped units. Because each Y unit has two 
antigen binding sites, IgMs have 10 identical antigen binding sites. The 
sites for association between the different Y units are also found in the 
Fe region. Table 2.1 summarizes many of the properties of these 
antibody classes. 

While there are five different types of heavy chains, there are only 
two light chains, K and A. One light chain always associates with on~ 

Classes of Antibodies 

Characteristics lgG IgM IgA IgE IgD 

Heavy Chain y J..L a e l) 

Light Chain K or A K or A K or A K or A K or A 

Molecular 
Formula y2 K 2 or y2 A2 

Y Structure 

y y y 

Valency 2 10 2, 4, or6 2 2 
Concentration 

in Serum 8-16mg/ ml 0.5-2 mg /ml 1-4mg/ ml 10-400 ng/ml 0-0.4mg/ml 
Function Secondary Primary Protects Protects ? 

response response mucous against 
membranes parasites(?) 

an = 1, 2, or 3. 
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heavy chain, so the total number of light chains will always equal the 
number of heavy chains. Since the basic structural Y unit has two 
heavy chains and two light chains, lgMs, which have five Y-units, have 
10 light chains and 10 heavy chains. However, any one antibody 
molecule will have only one type of light chain and one type of heavy 
chain. There are no restrictions-· on·,which types of heavy or light 
chains can form antibodies, so antibodies of all classes (i.e., with 
different heavy chains) can contain either K or A light chains. 

Comparison of the primary amino acid sequences of 
light chains reveals a constant and a variable 
region 

Light chains are approximately 220 amino acids long and can be 
divided into two regions, each about 110 amino acids in length (Fig. 
2.5). When sequences from a number of light chains were first com-

Variable Region Constant Region ~ 

LIGHT CHAIN 'I I I I I 
~ 

CDRs ::110 Amino acids 

HEAVY CHAIN 

Variable Region Constant Regions -

j 

LIGHT CHAIN / ~LIGHT CHAIN 

HEAVY CHAIN/ ~HEAVY CHAIN 

FIGURE 2.5 
Light- and heavy-chain structure. (Adapted from Silverton et al. 1977.) 
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pared, it was found that the amino-terminal half was heterogeneous. 
This region is known as the variable (V) region. The carboxy-terminal 
half is known as the constant (C) region, and amino acid sequencing 
studies have shown that there are only two types of constant regions, 
one for K light chains and one for A light chains. In the mouse the gene 
for the K light chain is located on chromosome 6, and the A gene is 
found on chroq10some 16. 

Comparison of the sequences of heavy chains a lso 
revepl variable and con.stant regions " 

The IgG heavy chains are approximately 440 amino acids long and are 
also divided into variable and constant regions (Fig. 2.5). However, 
IgG heavy chains contain one variable region and three constant 
regions. Like the light chain, each of these four regions is about 110 
amino acids in length. Heavy chains from different classes may have 
additional constant regions. For example, J.L·Chains from IgMs have 
one variable region but four constant regions. The sequences of the 
IgG heavy chains have also shown that there are four subclasses of 
y-chains. In the mouse, these subclasses of IgG antibodies are known 
as IgG 17 IgG2a , IgG 2b, and IgG3 • The coding region for the heavy-chain 
polypeptides is found on chromosome 12 in the mouse. 

The variable regions of the heavy and light chains 
form the antigen binding site 

The variable regions of one heavy chain and one light chain combine to 
form one antigen binding site. The heterogeneity of the variable 
regions provides the structural basis for the large repertoire of bind­
ing sites used by an animal to mount an effective immune response. 
Perhaps not surprisingly, the sequence heterogeneity does not occur 
randomly throughout the variable region, but is concentrated in re­
gions that form the sites of contact with the antigen. Most of the 
variability occurs in three short regions of each chain, giving three 
hypervariable regions for the light chain and three hypervariable 
regions for the heavy chain. These hypervariable regions form the 
majority of contact residues for the binding of the antibody to the 
antigen and are located on short loops extending into the region that 
interacts with the antigen. Because they are the actual binding site for 
the antigen, they are referred to as the complementarity determining 
regions or CDRs. More information on the structure of the antibody­
antigen complex is found in Chapter 3. 

The genetic basis for diversity in the variable region has been 
elucidated during recent years. These studies have shown how K, A, 
and heavy-chain genes are organized and how these genes are manipu­
lated to generate different variable regions. The heterogeneity in the 
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variable regions of both light and heavy chains is due to an intricate 
combination of recombination and mutation. The simplest case is 
found with the K gene. 

DNA rearrangements are required for the formation of 
a functional K gene 

GERM LINE DNA 

One of the remarkable features of the K, A, and heavy-chain genes is 
that the organization of these genes is not the same in all cells. For 
example~ cells synthesizing functional K chains have a different K gene 
structure from cells in which the polypeptide is not expressed. In 
germ-line and non-B-cell DNA, the coding sequences for the variable 
and constant regions of the K light chain are separated by several 
hundred kilobase pairs. The gene is silent in these cells. During B-cell 
differentiation, the DNA between these regions is removed, joining the 
variable and constant regions and producing a functional gene (Fig. 
2.6). There are approximately 200 different K variable regions and only · 
one constant region. During the maturation of B cells, recombination 
brings one of the variable regions and the constant region together to 
produce a functional gene. The selection of the variable region is 
essentially random. 

'- During studies of the fine structure of the recombination points 
between the variable and constant coding regions, it became clear that 
simple joining of these two regions did not account for all the variation 
that was detected. These studies led to the discovery of a third 
segment between the variable and constant regions called the J region 
for joining. Recombination brings the variable region just upstream of 
one of five J regions, producing a variable region-J region-constant 
region alignment. This alignment yields a functional K gene. As dis­
cussed below, the recombination events do not always occur at exactly 

Constant 
- 200 Variable Regions 4 J Regions Region 

.---- -----. 

V-J JOINING 

MATURE B·CELL DNA 

FUNCTIONAL GENE 

FIGURE 2.6 
Kappa rearrangements in germ line and B lymphocytes. 

-~~~-----------~-···· ············· ··----
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the same nucleotides, and this allows for some variation-in the amino 
acids found at the V -J junction. 

Although five different J regions for K-chains have been found in 
genomic DNA sequences, only four of these can be used to synthesize 
functional polypeptides. The other, J 3 , has a mutated donor splice site 
and cannot produce a functional mRNA. Therefore, in the maturation 
of a functional K light-chain gene, recombination must occur between 
one of the approximately 200 variable regions and one of the four 
functional J regions (Fig. 2.6), yielding approximately 800 different 
K-chain polypeptides for homozygous mice. 

DNA rearrangements are also required to form a 
functiona I A gene 

Similar types of recombination events are required to produce a 
functional A light-chain polypeptide (Fig. 2.7). In the germ-line DNA, 
there are two variable regions and four constant regions in the A 
coding region. Each constant region is paired with a single J region, 
and recombination occurs between the variable and J regions. How­
ever, unlike the K gene; the two variable regions are not found up­
stream of the four constant regions, but are separated from each 
other. Each is paired with two J-constant regions. Analysis of the 
DNA sequences around the J 4 region has shown that it carries several 
mutations which block the successful production of mRNA. Also, no 
recombination events have ever been reported that join a downstream 
variable region to an upstream constant region. Therefore, this organi­
zation allows the production of five possible A light chains. 

Variable J Constant 
Region Region Region 

Variable 
Region 

J Constant J Constant 
Region Region Region Region 

GERM LINE __r----L_,~ 
DNA ~~ 

NONFUNCTIONAL GENE 

MATURE 
B·CELL DNA 

FIGURE 2.7 
Lambda V -J joining. 

FUNCTIONAL GENE 
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Forming a functional heavy-chain gene requires two 
DNA rearrangements 

GERM LINE DNA 

In addition to the variable, J, and constant regions, heavy chains also 
contain a fourth coding region referred to as the D, or diversity, region 
(Fig. 2.8). The D region is located between the variable regions and the 
J -constant region. The production of a functional heavy chain re­
quires two recombination events, one joining a D region to a J­
constant region, and another joining a variable region to the D region. 
There are approximately 50-100 variable, 12 D, and 4 J chain regions 
that form the heavy-chain gene cluster on chromosome 12 in the 
mouse. However, the D regions produce functional proteins in all three 
reading frames, so, because the recombination events are not precise, 
the D regions can code for 36 different sequences. Most experimental 
work has suggested that the first recombination event joins a D region 
to a J region. Then the variable to D region recombination occurs. 
Having multiple regions helps to generate a large number of heavy 
chains, with at least 7200 different possibilities for homozygous mice. 

Constant 
50-100 Variable Regions 12 D Regions 4 J Regions Region 

~ 
NONFUNCTIONAL GENE 

D-J JOINING 

MATURE B·CELL DNA 

V-DJ JOINING 

MATURE B·CELL DNA 

FUNCTIONAL GENE 

FIGURE 2.8 
Heavy-chain VDJ joining. 
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These rearrangements and additional special 
mechanisms create a vast number of antigen 
binding sites 

~ As discussed above, recombination between the variable, D, and J 
regions produces a large number of different heavy- and light-chain 
polypeptide sequences. The variable regions themselves contain the 
coding sequences for CDR 1 and CDR 2 of both the heavy and light 
chains. As ' shown in Figure 2.9, the recombination junctions produce 
sequences that encode amino acids for the third CDR. As discussed in 
Chapter 3; the CDRs are the primary sites of antigen binding, and 
therefore, recombination provides both different assortments of the 
various CDRs and, because the recombination is not always precise, 
diversity in the third CDR. 

For the mouse, there are at least 800 potential K chains, five A chains, 
and 7200 heavy chains. If all light chains have a chance to pair with all 
heavy chains in the production of the antigen binding site, there are 
potentially 5.8 x 106 binding domains ([800 + 5] x 7200). Diversity at 
the recombination junctions raises the number of possible combina­
tions. Sequencing of K chains has shown that a number of mutations 
can be introduced at the recombination sites. These types of mutations 
are also seen for heavy chains. Heavy chains show another type of 
mutation found at recombination sites in which a random number of 
nucleotides are introduced, further increasing the number of available 
coding variations. Recombination and random assortment of the light 
and heavy chains create the lower limit for the number of different 
antigen binding sites. 

Another mechanism also increases antibody diversity. Greater than 
half of the heavy- or light-chain variable regions carry point mutations 
in the antigen binding regions. Although the mechanisms that generate 
these mutations are not known, they appear to provide a system that 
fine-tunes the binding site, thus creating a better fit for the antigen­
antibody interaction. This process is known as affinity maturation and 
is discussed in more detail in Chapter 4. 

J 
V~riable Region Region Constant Region 

,------------A--------~~~.r-------~--------

LIGHT CHAIN I.__· --- I - '---II _______ __; 
CDR1 CDR2 ) CDR3 

D 

Variable Region Constant Region 
------~A~------

HEAVY CHAIN 

CDR1 CDR2 CDR3 
= 20 Amino acids 

I I 
FIGURE 2.9 
Heavy- and light-chain rearrangements both reassort and restructure CDRs. 



14

- ANTIBODY MOLECULES 17 

Although calculating the number of different antigen binding sites 
that can be formed by recombination, junctional diversity, mutation, 
and association of different light and heavy chains quickly becomes an 
algebraic rather than an immunochemical problem, it does serve to 
highlight the ability of humoral immunity to respond to a large number 
of antigens. 

Allelic exclusion ensures that only one rearranged 
light-chain gene and one rearranged neavy-chain 
gene are expressed in any one B cell 

The recombination events that produce different heavy and light 
chains do not always lead to a functional gene. During B-cell differen­
tiation, light-chain rearrangements begin within the K region, and, if 
the first rearrangement of one of the diploid genes results in a 
nonfunctional allele, the other copy undergoes recombination. If both 
recombination events lead to nonfunctional genes, then recombination 
begins at the A locus. Similar mechanisms lead to the generation of a 
functional heavy-chain gene. Once recombination yields a functional 
antibody, an unknown mechanism prevents further recombination, 
fixing the antigen binding site for the life of the cell. This mechanism 
is called allelic exclusion and explains why B lymphocytes secrete 
antibodies with only one type of antigen binding site and why antibod­
ies have only one type of light chain. 

Additional recombination events are used to generate 
the different classes and subclasses of antibodies 

' 

MATURE B·CELL 
PRIMARY RESPONSE 

FIGURE 2.10 

One fascinating aspect of the maturation of an immune response has 
been the discovery of a second set of recombination events that 

Rearranged 
VDJ Region 

FUNCTIONAL GENE 
PRODUCING lgM 

MATURE B·CELL 
SECONDARY RESPONSE 

Constant Regions 

CLASS SWITCHING 

FUNCTIONAL GENE 
PRODUCING lgG1 

Class and subclass switching. 
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involve the heavy-chain constant regions. These rearrangements do 
not affect the variable region and do not alter the antigen binding 
domain. They do not contribute to the diversity of binding sites, but 
instead allow the replacement of one heavy-chain constant region with 
another. The rearrangement occurs downstream of the J region. 
Aligned here in germ-line DNA is a tandem array of the heavy-chain 
constant region genes: J-L-chain (IgM), a-chain (IgD), y3-chain (IgG 3 ), 

y1-chain (IgG 1 ), y2b-chain (IgG 2b), y2a-chain (IgG 2a), E-chain (IgE), and 
a-chain (IgA) (Fig. 2.10). In essence, these rearrangements move the 
same antigen binding site onto different antibody classes and sub­
classes. This process is known as class switching and is one of the 
characteristic events of the maturation of the antibody response 
(Chapter 4). Because the different classes and subclasses determine 
mpny of the functional properties of antibodies-for example, whether 
they will appear in serum or mucous secretions-this class switching 
creates an important mechanism for controlling where and how the 
antigen binding site will be used. 
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