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The production of antibodies in response to infection or 

vaccination is perhaps the most impressive adaptive response of higher 

organisms to their environment. The molecular mechanisms which underlie 

the great range and specificity of antibody responses have long been a 

subject of great interest, as has the molecular basis for inherited 

immunodeficiencies.

The molecular nature of the antibody library, the number and 

arrangement of the genes which encode it, and the genetic and molecular 

mechanisms which govern its expression are the subject matter of this 

review. With the advent of recombinant DNA technology and its application 

to the immune system, it has been possible for the first time to examine 

antibody genes at the DNA level, both in the germ line and in somatic cells. 

From comparisons of such analyses with results of genetic and structural 

studies of antibody molecules has emerged a consistent picture which is 

by no means complete, but which can account for much of the enormous range 

and diversity of the antibody response, and for many aspects of its. regulation.

Among the issues clarified by work on immunoglobulin (Ig) genes at the 

nucleic acid level are:
1) As suggested by the "2 gene - 1 polypeptide" model\ V and C regions for 

each 1g chain are encoded separately in the germ line and must be 

rearranged at the DNA level in somatic cells to form a functional 

antibody gene. However, at least two segments of DNA must be 

assembled to form the V-region, and even in a functional Ig gene, 

V and C coding sequences are not contiguous.
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2) The germ line contains extensive V-region sequence diversity, but 

at least some diversity is generated by somatic diversification 

mechanisms;

3) The non-random deletions in so-called heavy chain disease proteins 

and in abnormal myeloma L-chains can be explained on the basis of 

the structure of Ig genes;

4) The nucleotide sequence and arrangement of Ig genes suggest plausible 

mechanisms by which Ig genes are assembled and operated upon by the 

cell to lead to synthesis and secretion of antibody molecules.

5) A sequence abnormality associated with at least one apparently 

non-functional antibody gene segment provides an example of how 

mutation or deletion of Ig genetic material might lead to heritable 

immune deficiency.
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The Antibody Molecule

Studies of immunoglobulin (Ig) structure provided the first clues 
2concerning the nature and arrangement of antibody genes . An Ig molecule

is a multichain structure consisting of two heavy (H) and two light (L) 

polypeptide chains held together by non-covalent forces and disulfide 

bonds. There exist a number of classes and subclasses of H-chains (e.g. 

for mouse, p, yl, y2a, y2b, a, e, 6), and the physical and physiological 

activities (or effector functions) of an Ig molecule reflect the class 

or subclass of H chain it contains. Comparison of a number of H chains 

of the same class from one or several individuals indicates that they 

are essentially identical in sequence from approximately residue 118

through the carboxy terminus (the constant or C region), but that they H
differ extensively in sequence in their amino terminal

117 residues (the variable or V region) . Similarly, L chains of a given

type have essentially identical sequences from residue 108 through the

C-terminus (C region) , but generally differ from each other in the amino

terminal 107 residues 

associate in pairs to 

H chains associate to

(V region). V and V regions
__L H L

form the antigen-binding sites.

of an Ig molecule

Cu regions of the n
render the Ig molecule bivalent with respect to 

antigen-binding sites, and to form structures which mediate the effector 

functions of the molecule. Close examination of the amino acid sequence 

of regions for internal sequence homology indicated that they are 

composed of tandemly-arranged units of approximately 110 amino acids
3wnich are structurally homologous to each other and to C . Pairing of 

L with H chains and H chains with each other generates a 4-chain molecule

W V - CL> CH2 - Vconsisting of linearly arranged domains: e.g

C„3 - C 3 for an Ig molecule (Figure 1). The existence of such domains n ri 
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which is extended in space and contains the cysteinyl residues involved 

to the flexibility necessary for effective bivalent binding functions.

each domain performs a particular function. The Cl - C and C 2 - C 2HL H H
domains are joined by a segment of H chain sequence known as the hinge 

in H-H and H-L disulfide bonds. It is likely that this region contributes 

has been verified by X-ray crystallographic analysis^, and it is likely that

V and C Genes are Separate But Linked

If we examine any one of the several kinds of Ig chains - e.g. the 

kappa (k) light chain - in a single individual, we find a very large number of 

different k chains which have the same C but different V sequences. If each K K
k chain were encoded in the germ line like a conventional protein, then there 

would be one gene for each k chain that an individual can produce- That this 

is probably not the case was suggested by the finding in man of genetic poly­

morphisms involving amino acid substitutions in the region (the Inv markers) \ 

It is impossible to account for the origin and maintenance of such polymorphisms 

on the basis of a ’’one gene - one < chain" germ line model . This and other 
considerations^ led to the suggestion that the C region was encoded in the 

germ line by a single gene, and in order for a cell to synthesize a k chain, 

one of an unknown number of genes must be joined with the gene to 

produce a V 0^ gene which can be stably inherited by daughter cells and which 

codes for an entire k chain. As—shown below, ^direct inspection of Ig genes 

at the DNA level has shown the separateness of V and C genes embodied in the
I M

"two genes - one polypeptide" model- -to be substantially correct for all of 

the types of mouse Ig chains studied to date.
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The genes encoding k and lambda (X) L chains are unlinked to each 

other and to H chain genes in rabbit and probably in man and mouse as 

well. However, the C genes for the several varieties of H chains pro- 

duced by an individual, all appear to be very closely linked to each other 
on a single chromosome in all species studied^.

Evidence for genetic linkage of the V and C genes exists for several 

kinds of Ig chain. For example, serologically detectable amino acid 

sequence polymorphisms (called allotypes) have been well characterized in 

both the V and CT. regions of rabbit H chains. In breeding studies involving n n
rabbits heterozygous for both V and C allotypes, 99% of the progeny inherit- H H •

7ed parental combinations of V and C7T allotypes . This suggested close genetic n H
linkage of V and Cu genes on a single chromosome. Moreover, in studies of H. H
antibody molecules produced by individual heterozygous rabbits, 99% of IgG 

molecules and >90% of IgA molecules contained V and Cu allotypes coded for H H
Q

by a single chromosome . Thus the joining of V and C_, genes to make an H H
intact VC gene coding for a rabbit H chain appears to most often involve H H
an intrachromosoma1 (genes from a single chromosome) event.

Patterns of V-Region Amino Acid Sequence Diversity

The extent and origin of V region sequence variability has been a 

major question in immunology. A brief examination of the amino acid 

sequence variability of mouse X and < light chains will serve to describe 

the nature of the variability observed. It will be apparent from com­

parison of this information with results of Ig gene analysis at the DNA 

level that a detailed understanding of the origin of antibody variability 

is gradually emerging.
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Amino acid sequence analysis of myeloma H and L chains has provided much of 

our knowledge of the details of Ig V region sequence diversity. There is 

evidence to suggest that the picture of variability obtained from such 

analyses is a faithful representation of the repertoire of V regions em-
9 ployed in humoral immune responses . In the mouse, less than 5% of serum 

Ig contain X^ chains, and this L chain type is of relatively minor importance 

for most mouse antibody responses. In analyzing the variability of Balb/c 

encoded in the germ line by a single gene.

had identical amino acid sequences (called

to the sequence of the germ line gene (see 

sequences were substantially the same, but

so-called hypervariable or complementaryother by one or two amino acids in the

mouse myeloma X^ light chains, Cohn, Weigert and coworkers observed a very 

the Xq sequence) which corresponds

differed from X and from each

determining regions (CDR)

simple pattern of variability which suggested that the mouse X^ V region is

Tx^elve of 18 V.  regions studied
A X

below) . The remaining

V. _ , V and V,, regions, each have thr ee CDRs (Figure 1) in which comparisor Al k H i
with other chains of the same type reveals the largest amount of variability^.

X-ray crystallographic analysis of intact Ig and Fab fragments has shown that 

the CDRs of both L and H chains generally lie in the antigen-binding site of
12the molecule . Thus the great variability in the CDRs of both H and L chains 

directly contributes to the enormous library of antigen-binding sites so 

important to a selective immune response. The non-CDR portions of the V

region are called the framework, and in the case of regions there appears
9 10 to be only one framework sequence shared by all X^ chains studied to date. ’ 
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Understanding the variability of regions thus amounts to understanding 

the origin of the CDR amino acid sequence diversity. Many of the amino acid 

sequence substitutions observed in the CDRs could be accounted for by 

single base substitutions in the DNA sequence for the A^ V gene. However, 

several substitutions required two or three base substitutions. Somatic 

mutation, either spontaneous or directed, is viewed by many as the most 

likely origin of the CDR amino acid sequence variability of mouse A^ chains, 

but the question of whether the diversity observed reflects physiological 

diversity or is peculiar to the repeatedly passaged myelomas is not yet settled

The amino acid sequence variability of mouse k L chains is more extensive 

and more nearly approximates that observed in human H-chains and < and A 

L-chains. Comparison of approximately two hundred whole or partial Balb/c 

mouse myeloma sequences indicates sequence variability throughout most of 

the V region. However, when the number of different amino acids observed at 

each position of the V region are enumerated, the most variable positions again 

correspond to the CDRs (Figure 1). Moreover, the V* sequences can be arranged 

into .groups on the basis of similarity and in some cases, identity, of frame­
work sequences. ’ 13’ 14 While somewhat arbitrary criteria for framework 

sequence similarity have often been employed (e.g. V regions differing at 

more than 3 of the first 23 amino acids belong to different V groups), it 

nonetheless appears that the mouse V repertoire can be accounted for by 

approximately fifty such groups. Proteins from each group can be further 

divided into subgroups on the basis of more extensive sequence analysis of 
both framework and CDR regions,11’ 13’ 14 and the present view, supported 

by analysis at the DNA level (see below), is that each V subgroup is determined 
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by a single germ line gene, similar to the situation seen for mouse V,AX 
regions, and that a group is encoded by -6-10 germ line genes. The possible 

origin of additional non-germ line CDR variability will be discussed below.

While far less data is available for Vu region diversity, estimates ri
15of at least 20 V groups have been obtained in the mouse.

Analysis of Ig Genes at the DNA Level

With the above discussion of Ig structure, sequence diversity and gene­

organization based on genetic and protein structure analysis as an incomplete 

but adequate background, we shall now turn to the analysis of Ig genes at the 

DNA level. As in the analysis of amino acid sequence diversity, myelomas have 

provided the key to the study of Ig genes at the DNA level. Messenger RNA 

molecules (mRNA) which direct the synthesis of the H and L chains characteristic 

of each myeloma are present in sufficient quantity intracellularly to allow 
their isolation^ By virtue of their sequence complementarity to DNA coding 

for the Ig chain, such purified mRNAs have served as probes to identify and
17 isolate the Ig genes themselves. Hozumi and coworkers employed radiolabelled 

mouse k mRNA to examine the arrangement of Ig genes in embryonic and myeloma 

DNA to test the "2 gene - 1 polypeptide" hypothesis - i.e. that V and C genes 

encoded separately in germ line DNA are joined at the DNA level in an 

antibody-producing cell to form a gene coding for an entire Ig chain. Their
18 studies made use of a restriction endonuclease, one of a library of bacterial 

enzymes, each of which cleaves DNA specifically at a different characteristic 

short nucleotide sequence and thereby reduces high molecular weight cellular 

DNA to a complex mixture of fragments (called restriction fragments) . Hozumi 
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et al. cleaved mouse embryonic DNA with a particular restriction endo­

nuclease and showed that DNA complementary to the portions of a myeloma 

k mRNA corresponding to the V and C regions appeared in separate DNA 

fragments. In contrast, when DNA from the K-producing myeloma was cleaved 

with the same restriction endonuclease, a single restriction fragment con­

tained DNA complementary to both V and C portions of the k mRNA. Thus, at 

some stage of differentiation of a K-producing cell, rearrangement at the 

DNA level brings separately encoded V and C genes into close proximity to 

create a functional VC gene for a k chain. A similar process occurs for
19 20, 21A^ chains and probably for H chains.

Gene Cloning

Analysis of the nucleotide sequence and fine structure of Ig genes 

has been made possible by application of recombinant DNA technology. 

Restriction fragments of DNA (see above) are incorporated into a specially
22 23 2 Amodified bacteriophage ’ or plasmid ' (a vector) and grown in bacteria 

so as to allow isolation (cloning) of a single pure vector containing the 

gene of interest. This can then be produced in large quantity for DNA 

sequence or other analysis. The cloning of Ig genetic material has been 

accomplished by two major routes. The enzyme reverse transcriptase 

(employed by RNA viruses to synthesize a DNA copy of themselves for in­

sertion into a host chromosome) can be employed in vitro to synthesize DNA
2 3 complementary to an isolated mRNA (called cDNA). The cDNA copy can be 

incorporated into" a suitable vector and produced in quantity for DNA
2 6 sequence or other analysis, or used as a probe for isolating genomic

27 28 Ig DNA (the second major route). In one form of this latter approach, * 

sperm, embryonic, myeloma or somatic cell DNA is digested with a res trie tion 
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enzyme (see above), resulting fragments are subjected to electrophoresis 

and/or chromatography, and fractions are tested for DNA complementary to 

radiolabelled Ig cDNA or mRNA probes. Fractions containing complementary 

DNA are still highly impure, but can be incorporated into vectors and used 

for infection at sufficient dilution such that each colony of bacteria (if 

the vector is a plasmid) or each plaque (if the vector is a phage) harbors 

only one vector containing a single foreign DNA restriction fragment. Re­

testing with radiolabelled probe allows identification of colonies or 

plaques containing an Ig gene segment, and that vector can then be recovered, 

recloned to be sure it is pure, and produced in quantity for detailed struct­

ural analysis.

Mouse Embryonic and Myeloma Xj Genes - A Simple System

simplest for studying the rearrangement of antibody genes.

Using the latter approach Tonegawa and coworkers cloned separate fragments
19 containing V, and C, from mouse embryo DNA and a single fragment containing A1 A1
29 both V and C, from a X -producing myeloma. • Embryonic mouse DNA appears A1 A1 1

19 to contain only one gene, and this and the limited amino acid sequence A JL
9 10 diversity seen in myeloma X^ chains ’ has made the mouse X^ system the 

no teworthy:

The structures of V -and C, -containing embryonic fragments and of the Al Al

1. DNA coding for most of the hydrophobic leader sequence (important

myeloma X^ gene are diagrammed in Figure 2. Four findings are especially 

30in biosynthesis and secretion of Ig)~ is separated from the rest of the 

leader and from the amino terminus of the V region by 93 bases of non-coding
31sequence;
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2. Although the length of the V region as determined from protein

sequence analysis is 110 amino acids, the embryonic V gene only extends A X
31to residue 97;

3. The embryonic DNA coding for the remainder of the V region (called

the J segment) is present in the same restriction fragment as the C, gene, Al
29 31 but separated from it by approximately 1200 bases (1-2 kilobases); ’

4. DNA rearrangement is apparent in myeloma DNA such that V and J

segments are contiguous, but a complete VC gene with coding sequence running

continuously from amino terminus to carboxy-terminus of the chain 

does not exist at the DNA level. Even in the myeloma DNA, and CA1
Al Al

regions

lie 1.2 kb apart and the continuity of the hydrophobic leader sequence is
29, 31 interrupted by a 93 base intervening sequence.

Thus in agreement with the "2 gene - 1 polypeptide” hypothesis, V and C 

sequences are encoded separately in the germ line and are rearranged to form 

an active VC gene in antibody producing cells. However, the coding regions; 

(called exons) of the resulting mature A gene are interrupted by non-coding 
32 intervening sequences (called introns), and the gene is referred to as a 

"split gene".

"Split genes" of the type described for the mouse A^ myeloma gene and

for other Ig genes to be discussed below are not unique to the immunoglobulins 

but appear to be common in the genomes of eukaryotes and their
33 34viruses. ’ The functional advantages of introns within genes are not known 
. . c c 32, 34, 45although several theoretical suggestions have seen ottered.

However, their existence places constraints upon the expression of such genes.



In order for an intact chain to be synthesized by the myeloma tumor 

described above, a mRNA in which the coding regions for hydrophobic leader, 

V and C are 
Jb JL

contiguous must first be made. This appears to involve

transcription of the entire gene, including the non-coding sequences, and 

processing or splicing this primary transcript while still in the nucleus 

to remove the introns and generate an active mRNA with all coding regions 

contiguous. We shall discuss splicing in more detail when we come to k and

H-chain genes.

Mouse x L-Chains - A Complex System

The mouse system has served well to describe some of the basic 

structural features of Ig genes and the rearrangements required for their 

expression. Unlike the system with its limited amino acid sequence 

diversity generated from what appear to be single germ line V and J genes, 

the enormous amino acid sequence diversity of mouse k chains is more repre­

sentative of that found in human Ig chains. Multiple germ line genes had 

been suspected because the amino acid sequence and length differences which 

distinguish V regions of different groups of k myeloma proteins were too 

extensive for any somatic diversifying mechanism to generate the different 
groups from a single germ line gene?6 With the advent of gene cloning, Seidman 

and coworkers demonstrated that each of two radiolabelled probes representing 

two different V groups detected a different set of 5 — 10 DMA fragments when 

hybridized with restriction fragments of myeloma UNA which had been fractionated 

by chromatography and gel electrophoresis (see above). Thus different groups 

were indeed determined by different genes, and several genes appeared to specitj 

each group.
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Seidman and coworkers cloned complementary DNA from two fractions 
27 which hybridized with one of their probes. Nucleotide sequence 

analysis revealed that the two regions were very similar in sequence 

to each other and to the chain secreted by the myeloma, but neither 

was identical to the secreted L chain. Most of the sequence differences 

were in the CDR portions of the region. Moreover, when the two clones 
were mixed, rendered single-stranded by denaturation, and then renatured 

and examined in the electron microscope for ability to renature with each 
38 other (a technique called heteroduplex analysis), they were found to do so, 

indicating extensive (but not complete) sequence homology over a length of. at 
37 least 3000 nucleotides which included rlanking as well as coding sequences.

Analysis of mouse sequences at the protein level has suggested a 

minimum of 50 groups necessary to account for the framework diversity observed 
in myeloma k chains}^ and a model of the mouse V locus which depicts features 

described above and below is presented in Figure 3. If each group is deter­

mined in the germ line by approximately 6 genes as the results described above 

suggest^ then a minimum of about 300 V genes would be required. However at 

the protein level, even within a group, the extent of amino acid sequence 

diversity in the CDRs is too great to be explained simply on the basis of six 

germ line genes per group. ’ f Such extensive CDR sequence diversity can be 

accounted for if the member genes within a subgroup were permitted to pair with 

each other in the somatic cells. Such pairing could result in genetic recombrn- 

ation or in gen e conversion, bo th of which could generate new sequences not 
39 present in the germ line. Pairing among members of a group would be favored 

37by the extensive sequence homology f lanking the coding regions (Figure 3) , 

and since differences among the member genes are most concentrated in the CDRs, 

most of the new sequence diversity introduced would also lie in the CDRs.
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Amino acid sequence analysis of myelomas suggests that recombination 

within framework segments of members of different V groups is rare or 
37non-existent. Seidman and coworkers have suggested that the sequences 

flanking the coding regions of different groups are non-homologous, and 

this might prevent mispairing and therefore improper recombination between 

different groups. This would serve as a safety device. Non-homologous 

crossing over which can occur following mispairing in the germ line can lead 

to gene loss or gene amplification. The constraint that such mispairing 

can only occur between member genes within a group would allow limited 

sequence diversification by this mechanism, but would protect the species 

from catastrophic gene loss of the entire « gene system. Only a single

group would be at jeopardy in any mispairing event. It has been suggested 

that the limited sequence diversity of the mouse A^ system reflects such a
37 catastrophic gene loss.

In contrast to the above mechanisms, Kabat and coworkers have suggested 

that the V-region sequence diversity of an Ig chain is generated by assembly 

during embryogenesis of "minigenes" which are separate in the germ line and 

which code for each of the three CDRs and each of the four framework segments 
40 which surround the CDRs (Figure 1). This hypothesis was prompted by results 

of computer analyses of myeloma protein amino acid sequences. These revealed, 

for example, that some proteins had identical frameworks preceding the first 

CDR but different frameworks between the first and second CDR, while in 

others the positions of identical and different frameworks were reversed.

This implied assembly of V genes from smaller independent units. Recently, 

computer studies of DNA sequences of several cloned L-chain genes have revealed 
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unusual shared sequences in the framework segments flanking the CDRs. 

Wu and coworkers suggest that these may serve as recognition sites in 

the assembly of minigenes or in a somatic mutation mechanism which gen­
erates CDR sequence diversity^1 Testing the validity of the minigene 

hypothesis will require detailed comparison of Ig gene organization in 

germ line and somatic DNA.

As wTith the V genes, embryonic V genes only code through approxi- Al K
mately residue 97 of the protein region, and joining with a separately- 

e rr .27, 35encoded J DNA segment is required to form a complete k V-region. K
It had been noted from studies of human and mouse V amino acid sequences 

that group distinctions were no longer possible towards the end of the V 

region, and the existence of several J segments with which members of any

V group could join to generate an intact V coding region provides a clear 
35 explanation for this observation. Studies by Sakano et al. and by Max 

et al. "*3 have demonstrated the presence of five segments, separated, from

each other by approximately 300 bases, in the DNA 2.5 - 4.0 kilobases pre­

ceding the C gene (Figure 3). DNA sequence analysis has shown that 4 of

the 5 J segments code for amino acid secuences that are observed in myeloma K
< chains and are not restricted to any one V group. The sequence of the

fifth J-like segment (J3) was unlike any ever observed in myeloma proteins, and 

we shall return to this later.

Although no additional J segments could be found in the vicinity of

C , ~J’>’ inspection of myeloma :< sequences indicated more variability in K
the region corresponding to the V-J junction (which lies within the third

CDR)1^ than could be accounted for simply by faithful V-J joining. The 
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possibility was suggested that the act of V-J joining at the DNA level might 
35 43 generate additional sequence diversity. * Inspection of nucleotide 

sequences following an embryonic V gene and preceding each of the five J 

segments has suggested a plausible mechanism by which this might occur. 

(Figure 4). Closely following the last codon (95) of all three V genes 

studied thus far is a DNA sequence which represents a nearly perfect palin­

drome - i.e. reading one DNA strand from left to right for 7 residues is 

nearly identical to reading the complementary strand from right to left 

(Figure 4a). The only imperfection is caused by an AT base pair at the center 

of symmetry. Closely preceding each of the five is the identical near­

perfect palindrome but the orientation of the entire double stranded segment 

is inverted 180 (Figure 4a). In many cases palindromes have been shown to act as 
13 recognition sites for DNA modifying enzymes (e.g. restriction enzymes) ’ or 

44other DNA-binding proteins (e.g. X repressor). The orientations of the 

palindromes following V^ and preceding are such that a structure of the 

type shown in Figure 4b might be formed by pairing of complementary palindromic 

sequences within each DNA strand rather than betwreen strands. In the

structure formed (called an inverted repeat stem structure) V and J are ----------- ---------------------- K K

brought in close proximity, and enzymes which catalyze V-J joining might then 

operate, resulting in deletion from the chromosome of the stem structure and 

all of the DNA lying between the V and J segments joined. * ’ In order

for the proposed stem structure to be formed, some DNA duplex would have to 

melt, at least locally, and V and J segments separated by thousands of nucleo­

tides must come close together so that the intra-chain duplex can form. The 

forces which might bring this about and the time in development at which it 

might occur are unknown. However, similar inverted repeats are known to exist 
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at the ends of bacterial transposable elements which can form such stem 

structures and which appear to undergo deletion from the bacterial chromo— 
35some by the above mechanism. Sakano et al. have made the provocative 

suggestion that the ancestral event which permitted evolution of Ig V 

regions encoded by separate V and J genes involved a DNA segment analogous 

to bacterial transposable elements. Thus far in the analysis of the genome 

of higher organisms, the Ig genes have been the only ones shown to require 

DNA rearrangement for expression.

The joining of V and J by the above mechanism can also explain the 
nz r r. • 15, 35, 43 Aexceptional variability at position 96 of mouse k chains. A=>

shown in Figure 4c, cutting and rejoining of DNA strands at slightly dif­

ferent positions to form contiguous VJ segment could result in several dif­

ferent amino acids at position 96. Several < chains whose J peptide sequences

cannot be accounted for by embryonic J segments can be explained by re­

combination events 3 and 4 shown in Figure 4c. Nucleotide sequence analysis

in the region of mouse V.n and J genes suggests a similar mechanism for A _L Al
o c

V-J joining. Comparable analyses have not been performed with H chains,
20but protein sequence results of Schilling et al. suggest the existence of

several J segments, and a large
II

at the V-J junction. The origin

amount of sequence and length variability 

of this variability is not known, but Hood 

has suggested that the mechanism described in Figures 4b and 4c may not

account completely for junctional sequence diversity in the H-chain system,

and that some diversity at the V-J junction may be provided by an. as yet un- ri H
identified DNA segment which he calls the D segment.
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Splicing and Possible Sources of Immunodeficiency

chromosomes, cell and its descendants
produce only that

not, however,

genes must be rtiinoved to

VK region, 

directly yield

and many other
33 3Zi contiguous. ’

Once a V -J K K
that

sitg for the enzyme(s) which accomplish(es)

While the mechanisms by 

it is likely that the nucleotide

joining event has occurred in one of a pair of homologous 

are thought to be committed to 
Transcription of the resulting k gene does 

a messenger RNA (mRNA) which can be translated 

shown in Figure 2, introns must first he spliced 

RNA transcripts in globin,

to produce that < chain. As

out of the primary transcript, just as introns in

ovalbumin, SV40, human adenovirus

make all of the coding regions

Which introns are spliced out are not known,

regions provide at 
.least part of the recognit ion

splicing In nearly all of the introns studied to date, it is possible to 

choose cutting points (i.e. the boundaries of coding region and intron) such

that an intron begins with the sequence CT and ends with AG« nucleotlde

Jk (J3, Fi§ure 3) does

known, but it represents an inherited

been observed. If the

is the only one of the

at the level of antibody genes,

then it would constitute an inherited

mouse would be unable to produce certain 

Balb mouse at some disadvantage is notantibodies. Whether this places the

functional-mR,XA's. If this were so, 

immunodeficiency in which the Balb/c

failure of primary RNA transcripts of v t „
------------ j to ma[;ure to

not begin with CT, and it may be significant that this 

five JK segments for which a protein sequence has not 

initial GT sequence is required for splicing to occur, 
then the.failure to.observe the sequence of J3 in a protein may reflect the

sequence^ following the four J segments whose sequences appear in myeloma 

proteins also begin with GT.35’ 43 However, the Intron following the fifth
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and serves as an example of the type of inherited lesion which might affect 

Ig genes of man as well. Similarly, absence of the palindrome sequences 

following certain V genes or preceding J genes due to mutation or deletion 

might lead to failure of that V (or J) to contribute to an active Ig gene, 

and possibly leave the organism at a disadvantage. Considering the large 

number of V genes observed it would be surprising if loss of expression of 

one V gene or V gene group could seriously affect immune responsiveness, 

but the existence of immune response genes which appear to map to Ig V loci
9 suggests that this may be the case.

H-Chain Genes and a Molecular Explanation for Heavy Chain Disease

Whereas to date most of the analysis of Ig genes at the DNA level has 

focussed on L-chains, analysis of the heavy chain gene complex promises to 

answer many of the outstanding questions concerning regulation of the anti- 
46body response. Sakano and coworkers have cloned a DNA segment from a 

IgGl-producing mouse plasmacytoma which codes for the Cyl region. Results 

indicate that the mouse Cyl region is encoded by four non-contiguous DNA 

segments separated by three introns (Figure 5). The four coding segments 

correspond to the sequences of the Cl, hinge, Cu2, and C 3 regions asH H H
3 designated on the basis of amino acid sequence and of x-ray crystallographic

4 analysis. The nucleotide sequences at the ends of the introns separating the 

hinge and C 2 and C 2 and C 3 coding segments are similar to the putative
H H rl

35 43 46 splice sites of L-chain introns and those of other genes. * ’ Thus the

contiguity of these coding segments in the mRNA undoubtedly results from splic­

ing of a primary RNA transcript. Surprisingly, these generally conserved 

splice-related nucleotide sequences are not present in the intron separating 
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Cl from the hinge, and it is not known whether this reflects another
11

mechanism for achieving contiguity of these segments, or whether there 

is some other explanation.

47Studies of a cloned myeloma a chain gene by Early et al. have

suggested that the exons which encode Cl, C 2 and C 3 segments of the H ri H
a chain are also separated by introns. These studies have not yet been 

carried to the sequence level, and it is not known whether the a-chain 

hinge constitutes an separate exon.

The findings that H-chains are encoded by ’’split genes” and the 

separate coding regions of the C gene correspond to the several C^ 

domains and hinge provide a likely explanation for the non-random de­

letions- observed in so-called heavy chain disease proteins. These 

are myeloma H-chains of several different classes and subclasses which 

have been shown to contain internal deletions by amino acid sequence ana­

lysis. Two common deletions involve absence of part of the V region and 11
the entire Cl region, and deletion of the hinge region only. The non-random 

ri

end points of these deletions (see Figure 5) might be explained by sequence 

alterations at the DNA level which interfere with the generation of a normal 

mRNA by splicing. Mutation might cause RNA coding for one or more domains to 

be spliced out of the primary RNA transcript, resulting in a short mRNA from 

which the aberrant protein is synthesized. In no case has the gene coding 

for a heavy chain disease protein been cloned and sequenced, and it is possible 

that aberrant DNA rearrangements during formation of an active gene might give 

rise to a heavy chain disease protein.
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Similar mechanisms could account for aberrant L-chains which lack a

portion of V but resume at J (SAC), or lack a portion of V and the entire 
48J, resuling at the beginning of C (SM).

A Possible Mechanism for the H-Chain Switch

Whereas different sets of V and J genes are employed for k and y chains, 

results of amino acid sequence, serological and genetic analysis have sug-
3( gested that all H-chain classes and subclasses share the same set of V-regions.

The various H-chain constant regions are encoded by closely-linked genes, and

as stated above, serological and other data in rabbits and mice suggests that 
8 9V and Cu gene loci are linked to each other. * rl n.

Preliminary studies of the H-chain V and C region loci at the DMA level 

have suggested a possible explanation for an important aspect of immunoglobulin
49 expression known as the switch. Developmentally, the IgM class of antibody

appears to be the first one expressed by B lymphocytes at. the cell surface.

Somewhat later B cells appear which express both IgM and IgD at the cell surface 

and descendants of these cells are generated which produce yet other H-chain
49 classes or subclasses. It is widely held that the V expressed in the IgG

or IgA produced by such descendants is the same as that present on the surface 
IgM of the progenitor B-cells.^

Preliminary analysis of the introns preceding Cp and Ca genes in u- and 

a-producing myelomas, respectively, has suggested a model by w’hich the switch
21might be accomplished. Evidence from Hood and coworkers suggests that a

5 kilobase segment of the intron which precedes Cu in the germ line and in 

a p-producing myeloma is found preceding the C gene in an a-producing myeloma. 
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It is possible that the intron which separates the J segments from Cp in 

both the germ line and in cells committed to p-chain production contains 

sites involved in switching the VJ segment of an active p-chain gene from 

Cp to another C gene in response to an appropriate signal (Figure 6). 

For example, if a switch sequence (S) preceding Cp pairs with an inverted 

switch sequence (S’) preceding another C §ene to form an inverted stemH 
structure of the type shown in Figure 4, action of appropriate recombinat— 

ional enzymes could result in deletion of all DNA between the sites. The

VJ segment and portions of the intron preceding the S site in the active 

p gene would then be contiguous with intron DNA which preceded the newly

active CH gene in the germ line (Figure 6). The deletion of Cp and other 
CR genes upon switching is consistent with data of Honjo and Kataoka51 

who have suggested an order for C genes on the basis of the C„ genes 

detectable in the genomes of mouse myelomas expressing different classes

and subclasses of immunoglobulins. In the model presented in Figure 6,

the switch sites which precede the S site might still be functional, and 

it is possible that with an appropriate signal, another switch might occur 

with deletion of the previous active C . However, if switch (S) sites were
H

distributed as shown in the inset in Figure 6, then only a single switching 

event from p to another H-chain class would be possible. Signals which might 

determine whether the switch will be to one C gene or another may involve 

the nature of the antigen, the anatomical site of the stimulus, or the mode 

of presentation of the antigen. It should be emphasized that the model shown 

in Figure 6 has not been proved, but it is consistent with current knowledge of 

the structure and function of the H-chain locus and provides a useful working 

hypothesis.
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Conclusion

Our present view of the structure and function of antibody genes 

represents the synthesis of results from three major experimental 

approaches:

1) the serology and genetics of antibodies;

2) protein chemical and x-ray crystallographic analysis 

of antibodies;

3) gene cloning followed by heteroduplex and nucleic acid 

sequence analysis of antibody genes.

Analysis of human antibody genes at the DMA level has not yet been 

performed, but the great similarity between the human system and 

experimental animal models seen in approaches 1) and 2) inspire the 

confidence that gene structures and mechanisms at the DMA level will 

be analogous.

It is apparent that the extensive amino acid sequence diversity of 

an individual’s antibody repertoire results from the interplay of germ 

line content and somatic mechanisms. The collection of separate V and J 

segments inherited from both parents become rearranged in the somatic cells 

to form active (though split) antibody genes. In general, this rearrangement 

involves V and J from the same chromosome, and it is thought to commit a cell 

to production of one H and one L chain. V region sequence diversity comes 

from 1) initial germ line content; 2) possibly generation of additional intra-V 

diversity by recombination or gene conversion among members of a V-gene group 

due to mispairing which is favored by extensive homology of both coding and 

flanking sequences. However, the possibilities that CDR diversity reflects 

insertion of "minigenes" into the V-region framework or is the result of 
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somatic mutation^’ (either mechanism could explain results in the 

mouse A2 system) must be considered; 3) DNA joining of (presumably) any

V to any linked J segment, with or without generating additional V-J 

junctional diversity in the third CDR (Figure 4). Finally, if the com­

mittment of a cell to synthesis of one H-and one L chain is random as is 

supposed, an individual’s antibody repertoire should be the product of the
36 number of different H and different L chains it can make (H times L).

Knowledge of the detailed structure and arrangement of Ig genes suggests 

points at which heritable mutations might bring about antibody gene defects 

which could lead to immunodeficiencies. Germ line libraries of V and/or J 

sequences undoubtedly differ in the human population, and adventitious cata-
37 stropic gene loss of the kind suggested for the mouse system could pro­

foundly reduce antibody variability. Moreover, the apparently inoperative

J3 segment in the Balb/c mouse, possibly reflecting inability to undergo 
35 43 effective splicing due to what may be a faulty recognition site,' * is 

an example of a molecular lesion which could prevent expression of any V 

gene joined to J3. Since there appear to be a total of five J^ segments, this 

could result in a 20% depression of the .< chain diversity of that mouse.

If V-J3 joining occurs, 20% of the B cell population may also be non-functional.

Similar defects within a C gene donated by one or both parents could lead to H
reduced expression or total absence of that H-chain class. Similarly, defective 

intron sequences involved in V-J joining (e.g. the palindrome in Figure 4), 

could preclude effective joining of some V’s and/or J’s and thereby reduce 

variability. Finally, defects at any level of the enzymatic machinery needed 

to rearrange antibody gene DNA or splice RNA transcripts to produce functional 
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mRNAs could lead to partial or total absence of functional antibodies. It 

is not known whether any significant immunodeficiency results from mechanisms 

of the kind described here, but further elucidation of the genetics, structure 

and function of antibody genes should provide answers to this and other questions 

concerning immune function.
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FIGURE LEGENDS

1. Diagram of an immunoglobulin molecule. CDR = complementarity determining 

region.

2. Rearrangement of embryonic DNA and splicing of RNA lead to production of 

a mature mouse X L chain messenger RNA. L,n = hydrophobic leader;
1 Al

----- = DNA; ~ = RNA; ® = DNA rearrangement site; O = RNA splicing site.

3« Suggested model of the mouse < L chain locus. Double stranded DNA is shown 

as a ribbon. Each group of embryonic V genes appears as a stack of coils, 

and each gene corresponding to a subgroup is assigned a letter. Sequences 

flanking the coding regions are homologous among members of a group and are 

shown by cross-hatching patterns unique for each group. Member genes of a group 

are stacked to indicate homologous pairing which may permit generation of 

additional sequence diversity (see text). Subgroup E of group 1 is folded 

out of the stack to indicate that pairing need not only involve adjacent 

genes. Note that reciprocal recombination between subgroups ID and IF would 

lead to a deletion. O = DNA rearrangement site; O = RNA splicing site;

Note that no RNA splicing site follows J3, possibly explaining failure to 
Q r / O

observe the sequence of J3 in myeloma < chains/ ’

4. A possible mechanism for DNA rearrangement which permits V^-J^ joining as 

well as somatic generation of sequence diversity in CDR3. (a) Double stranded 

DNA showing the palindrome following V and the same palindrome inverted 

preceding JI. The first complete codon in JI is numbered 96 since in some 

instances it becomes residue 96 of a completed V region. Bases numbered

1 through 9 are discussed below, (b) Only the top DNA strand of part (a) is



shown. Palindromic sequences following and preceding JI have annealed 

to form an inverted repeat stem structure and bring bases 1-5 and 6-9 into 

proximity to allow site-specific recombination. The complementary DMA strand 

(not shown) probably forms a similar structure, (c) Breaking and rejoining 

of the DNA strand shown in part (b) at different points between bases 1 and 9 

can lead to codons determining three different amino acids at residue 96 

of the newly formed segment. The inverted repeat stem structure shown

in part (b) has been deleted.

465. Structure of a mouse C gene compared with that of a complete

and CIT 2, and between CT 2 and C 3, but not between CU1 and the hinge.H H. H. n

chain. Separate coding regions are made contiguous by splicing at the

RNA level. Splicing sites (O) were observed preceding Cl, between the hinge

6. Hypothetical structure of the H chain locus which includes a possible

mechanism for the "switch”. The top line shows the H chain locus of a cell

committed to producing V^JIC^. Lying between J^ (the number of J segments

for the H chain locus is not known) and are switch sites (S) , and each

C„ gene is preceded by a switch site (S’). Only the C genes studied by
Honjo and Kataoka51 are shown, and the order of CR genes is that suggested by

them. The

(perhaps) offormation

are appropriate palindromes (see Figure 4). The

gene

of S sitesoccur by the same

resulting V^JIC

an inverted repeat stem structure involving the S

and S’, sites if these

second line shows how V JI may be switched from C to C , through H

C ... In the model yi

would contain a new DNA junction between S^^^ and 

as shown, a further switch to C , C  or C could y2b y2a
mechanism. However, if the original order

were that shown in the inset at the top of the figure, only a single switching



event would be possible.
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rig/molecules 2 ident light chains 2 ident heavy chains 
reach chain composed of a series of homologous domains; 
I i

V-region, bgeins at amino term, 1000’s of different sequences

C-regions embody various effector functions of mol; few diff

classes of Ig (M,D,G,E,A) have diff bio funcs and are disting by 
diff H chains (u,delta,gamm,epsilon,alpha)

L chains are of kappa or lambda class (ie containing V regions 
and either C lambda or C kappa)

for most classes Ig secreted as 4-chain monomer IgM and IgA are 
also secreted as pentamers and dimers; Ig monomers linked 
covalently to a J or joining chain molecule

Ig genes are ’’split genes” Gene segments (exons) that code for V 
and C domains separated from each other by noncoding DNA 
sequences (introns)

exons are joined together by RNA-splicing events to generate 
functional Ig messenger RNA’s

chromosomal loc and organiz of mouse K, lambda and H chain genes 
clusters are known

H chain cluster, a continuous stretch of DNA 200 kb (1kb=1000 BP) 
on mouse chromosome 12 has been cloned and sequenced

This is how it looks in germline... SLIDE
Ig genes may comprise up to 1-2$ of mouse genome

active, as opposed to germline, L and H chain genes generated by 
somatic DNA rearrangements

a germline L chain V region is joined to a J region (not J chain) 
or a H chain V region to a D and J region

this is called V region formation because combinatorial (or 
mixing) events make complete V regions

contributes to the immense diversity of antibodies

1
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Ig H chain genes undergo a second kind of DNA rearrangement 
called ’’class switching” in which the rearranged V is moved 
from the C-mu region and linked to another H chain C region 
accounts for the transition from M to G E or A expression

Ig messenger RNA’s are generated from large nuclear precursors by 
RNA-processing events like RNA splicing

splicing generally produces a single RNA, however variants in 
splice result in differences between membrane-receptor and 
secreted forms from a single RNA transcript

more complex pathways allow for co-expression of surface IgM and 
IgD in B lymphocytes

When do these DNA and RNA rearrangements occur in B cell 
development?

Next SLIDE shows simplified scheme of B cell development based on 
changes in Ig gene expression and by existence of tumor cell 
lines corresponding to each of the developmental steps

1. pre-B cell contains a rearranged mu gene (ie the C-mu region
gene has a rearranged V region in front of it) 

expressed as cytoplasmic mu chain

L chain gene are not rearranged or detectably expressed

2. next cell is the immature B cell (contains surface IgM composed
of 2 mu chains and 2 identical light chains (L or K). Thus 
there has been rearrangement of the L chain V region and 
activation of the L chain gene.

3. next cell is the B cell -steps involve RNA rather than DNA
rearrangements. B cells coexpress mu and delta H chains 
bearing the same V region in surface IgM and IgD.

when a specific ag interacts with the Ig receptor B cells 
shift from expression of membrane M and D to secretion of 
IgM

4. plasma cell stages express and secrete the other classes of Ig

2



LOS ANGELES: UCLA SCHOOL OF MEDICINE
DEPARTMENT OF MEDICINE

UNIVERSITY OF CALIFORNIA—(Letterhead for Interdepartmental Use)



(G,A,E)
th transition from M secretion to production of other Ig classes 
involves a "class sweitching" DNA rearrangement.

The rearranged V region (1st expressed with C-mu) is joined to 
another H-chain C region. Mechanism of class switch appears 
different from that used in V region formation.

Altho best studied in the mouse, this knowledge can be 
extrapolated to man. Humoral immune response defects in man could 
be due to abnormalities in these mechanisms of DNA and RNA 
rearrangement.

apparent defects in Ig gene expression may turn out to be 
secondary to T help problems rather than structural alterations 
in H and L chain genes

-SCID-some lack B cells, others T cell factors which promote B 
cell development from stem cells

-Hypogamma associated with thymoma. Pts fail to exhibit pre-B 
cells with cyto mu. Lack mature ciculating B cells and plasma 
cells.

seems to be clear failure to rearrange the V region and 
therefore failure to generate an active mu chain gene

-X-linked agamma. Young males with nl BM pre-B with large amts of 
cyto mu chains without light chains. B cell defect appears to 
be failure to generate L chain genes to generate a complete Ig 
molecule. Aberrant rearrangement of L chain genes or none at 
all.

-In 1 case of X linked hypogamm reported by Max Cooper the pre-B 
cells containeda rearranged and expressed mu gene + an aberrantly 
rearranged light vchain gene that does not make functional 
message

-in dysgamma type 1 (lo G,A, hi M) could be a block in class 
switching with hi M as a compensatory response

-cvid there are nl B # but make lo amts of Ig and cannot be 
activated by iimunization in vivo or in vitro. Could be a 
generalized failure of RNA splicing.
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-Selective IgA defic-cells bear alpha but do not secrete. Could 
be structural gene defects affecting IgA secretion, eg structural 
alteraton of carboxy-termina1 region which make it unable to rx 
with J chain or chainges that eliminate glycosylation

-AT- IgA and E deficiency. Gene mapping studies from AT lymphoid 
lines indciate apparently nl alpha. Conclusion is that class 
switching is abn and does not activate IgE and A expressione

gene replacement therapies clearly far in future, however these 
natural expts can contiue to help us understand Ig regulation.
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