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SOMATIC GENERATION OF ANTIBODY DIVERSITY

by G. Matthyssens, N. Hozumi nnd S. Tonegawa

DBasel [nstitute for [nununology, Pastfuch 1005 Basel 4 { Swoilzerlund

INTRODUCTION

The genetic origin of antibody  diversily is once of the central
issues of immunology. Doces every cell ol an organism contain slruc-
tural genes for the ol repertoire of antibindy molecules which can he
preduced by that organism? As long as the conventional definition of &
« gene o (ioe. the genelic element coding for a polypeptide chain) s
applied, it is generally conceded that the answer to the above question is
no. BBoth light and heavy immunoglobulin chains can he considered to
crasist of a variable (V) and a constant () region. The genetic elementd
coding for these regions ave lermed Voand ©ogenes. The diversity assue s
now whether or not structural Vo ogenes for the full repertoire of andilody
Voregions are present i oevery cell ol an orgraism. The alternative is thut
a large proportion of this diversily is gencraled by somalic provesses,
such as somatic mutation. Until recently the immense compiexity ol the
vertebrate genome has hindered diveet approaches o the issue of andi-
body diversity. Tonstead. arguments for and agamst these contvoasting
views have been based on indireet experimental observations (primarily of
amino acid sequences of immunoglobalin ehains) and on general principles
of genetics and cvolution {2, 11]. Recent advances in the technology of
aucleic acid biochemistry, in particular the availability of highly puritied
licht and heavy chain mRNAs from mouse plasmacytomas, have enabled
several groups of rescarchers to study inimnnoglobulin genes at the mole-
cular level. In this communication, we will review the evidenee that
mousc A-chains, at least those represented among myelomas, are coded for
by genes derived from no more than three germ line V' genes. possibiy
from a single one.

RESULTS AND DISCUSSION
The principles of the approach.

The ultimate approach is probably (o isolate the immunoglobulin
‘genes from both germ line and plasma cells and to determine whether or

Manuscrit regu le 1er juin 1976.
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cod with the particular mRNA used in the Cot curve experiment. If this
nunther s significantly larger than the experimentally determined reitera-
tion frequency, il constitutes formal evidence for the somatic generadion
of autibody diversity,

Lvidence for the somalic generalion of anlibody diversily.

We have applied the approach desceribed in the last section to both «-
and a-chains of the mousce |9, 10]. Heavy chains have also been studied
somewhat |1, 7] Because they are simple and straightfurward we will
deseribe Diere the experimental results obtained with mouse z-chains in
some detall, Figure 1 summarizes amino acid sequence data for the V
region of mouse 7 chains. These sequences were determined by Weigert
and his collaborators using myvelomas induced in Balb/e wmice [12. 3]

SUMMARY OF AMINO ACID REPLACEMENTS IN Vy
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Fi6. 1. — Schematic representalion of differences among ).-chains
(after Cohn el al. [3]).

Twelve out of cighteen 7-chains had an identical sequcnce (A, type).
The other six were not only mutually different but also diffcred from the
& lype by one to three amino acids. These substituted amino acids are
without exception in the hypervariable regions. With one ¢xception, the
triplet codon for cach of these amino acids is related to the codon for
Jie corresponding amino acid in the 7, type by a single basc change. Thus
inere seemssto he an extensive nucleotide sequence honwlogy among
genes coding for the 2-V regions. If there is no somatic gencration of
diversity, there must be seven different 7-V genes in the mouse genome,
and the DNA in all of these genes should hybridize with a single purified
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mRNA of the 2, type. Analvsis of the Cot curve would vield a reiteration
frequency (1) of 7o On the other hand, if the 7,-76 sequences are gene-
rated from 24 Lype by o somalic process, then a Cot curve corresponding
to w unique gene (I9= 1) would be obtained. In reality, however, the
number of different x-\" region sequences in the Balbje mouse should he
mueh higher than seven. This is clear if one makes a simple statistical
calculation on the data shown in figure 1. Among the chain producing
myelomas, those myclomas making .the 2, type constitute the major
group, whereas the rest constitute the minor group. The latter group is
represented by the Lypes 7,-2,. One might ask what is the total number of
different -V region sequences belonging to the minor group. This number
of course cannol be Jess than six. Weigert and his collaborators have
yet to find two independently induced tumors which svnthesize an iden-
tical chain belonging to the minor group. lf, however, there were only
six different 2-V sequences in this group, the chance of having found
six myelomas cach with o different sequence would be 1.0 7 (:: >\‘.;

4 3 _2 - : : . U
Xe XX Xg = 0.015): a highly unlikely event. This probability is
50 9, if there are 25 dilferent 7-V scequences. In order 1o increase the
chance to 90 9%, as manv as 113 different 2=V sequences are vequired.

Our task then is to prrify mRNA coding for a 7, sequence and to
hybridize this RNA to totia! mouse DNA of various sources and determine
the number of cross-hybridizing genes per haploid genome. As pointed out
in the previous seclion, we should also experimentally verify the assump-
tion that »x mRNA would cross-hyhridize with other -V geaes if they
existed in each ceil. I the number of cross-hyvhridizing denes turns out to
be smaller than the expeeted number of different 7=\ region sequences
(25 or more), it will provide us with formal evidence for the somalic
generation of antibody diversity,

Two mRNAs coding for two different Va regions were prepared to a
purity of minety per cent or higher. The sources of the mIRINAs were
the Balb/c plasmacytomas MOPCI04IE and HOPC 2020. The two V
regions differ in two amino acids (fig. 1). Each amino acid substitution
requires only a single base substitution. The Cot curve of MI104E mRNA
is illustrated in figure 2. A 1iixture of mouse z- and g-globin mRNAs as
well as 18S ribosomal RNA were used as kinctic standards. The gene
reiteration frequencies of these RNAs have previously been determined at
less than three and at 200-250, respectively |4, 5). The reiteration fre-
quency of M104E A chain gene is calculated to be two lo three from the
results represented in figure 2.

In the competition hybhridization experiments illustrated in figure 3,
a fixed amount of radioactive M104LZ mRNA and an excess of denatured
liver DNA were anncaled o a high Cot value (Col = 10,000) in the
presence of varving amounls of unlabeled 112020 mRNA (helerologous
competition) or MIO4IZ mRNA (homologous competition). Radioaclive
MIO4E mRNA in the hybrid is plotted as a function of the ration of total
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genes are on the d-end and 3-end halves of the mRNA molecules, res-
pectively. The detaiis and justification of such assay procedures are des-
cribed clsewhere (Fozumi and Toncegawa, submitted).

Three DNA components of 1.6, 2.7 and 2 million MW hybridized with
whole 112020 >-mRXNA. Only the fargest one hybridized with the 3'-end
half message (- mR\ A lacl\mg hoth thc 5-cnd untranslated region and
the V rcglon) (fig. 1\). Using »~-mRNA lacking the 5-end untranslated
region (3'E), only 1hc two larger DNA fractions hybridized to this 3'-end
three quarter message (fig. 413). Hence, the Cx gene is in the 4.6 million
componcent, whereas the Va and 512 gene are in the 2.7 and 2 million
component respectively (Ilozumi and Toncga\\'a manuscript in prepara-
llon) The fact that the extent of h) hndualmn in lhc larger component is
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In the third experiment, the DNA fragment carrving the V7 gene and
the Cr gene were isolated and hybridized with an excess of M0 o
112020 »-mRNA. The hvbrids were then treated with Sl-nuclease, which
specifically digests away all single stranded polynucleotides. In this way,
all DNA carrying sequence complementary 1o the 2-mRNA it was hyhri-
dized o, is protected from being digested. The protected DNN carrying
the sequence of one of the two »mRNAs was then hybridized, to the
other 2-mRNA. Thercfore. if hoth mRNAs cross-hybridize, the extent of
hybridizability should be identical when using homologous or helerolo-
gous »~-mRNA. That this is the casce is shown in table I

FanvLiz I, - Cross-hybridization of two lambda mRNAs.
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Mouse embryo DNA (7 gy was digested with Feo R-1 and feactionated on 0.9 9, goaroese
gel. DNA fragments containing Cromud V7 genes were first hyhridized Lo an excess of 2-mRNA
in6 < 88C/50 96 formamide al 157 C(Crl = 1.2 < 10-% Col = 197, where C, is the equivalent
concentralion of unfractionated DNA). The hybrid was treated with o6 kU/mil of Sl-nuclease
i 0.3 M NaCl, 0.05M NaAce. 1 mM ZaSO,. pl L4, for 30 min al 357 The second hybridization
was to A-mIINA-PZ (5 > 107 epmy/pg INA) and was carried out at 707 in 2 - SSCuplo a
Cot of 5,000, Inpul'? L-1INA was 1,500 cpm. The hybrid was then treated with RN Asc-mix
(BNAse A 20 gg/ml 4 T-1 RN Ase 2 unils/mi) at 379 for 20 min and TCA precipitated. Data
represent the average of Iwo mieasurements.

These results indicate that the nucleotide sequences coding for the \
regions of the two x-chains are so similar that if there were two separate
germ line V genes, cither one of the two z-chain mRNAs must have cross-
hybridized to the gene for the other. Given the extensive homology in
the amino acid sequences (fig. 1), one can extrapolate this conclusion to
other » chains. llence, the sequence homology among 7-mRNAs is so
high that any >mRNA should cross-hybridize with all or mest of the
germ line VA genes, at least for those V oregions which are represented in
myclomas.
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We have previously concluded 8] that the number of germ line V
genes s too small to account for the scequence diversity. The present
resull with 7 veinforees and extends this conclusion: there are too few
germ line genes for the « mycloma group » of % chains 1o account for the
observed diversity in this group.

SUMMARY

Hybridization of 2-mRNAs to excess liver DNA vielded results compa-
tible with gene reiteration frequencies of three or less. Purified mRNA
fromn tumors producing structurally different 7. chains were usced in compe-
tition hybridization experiments. An unlabeled 7-mRNA competed with
aother, labelled mRNA 1o the same extent as homolozous untabelled
- RNAL Mouse DNA was digested with Eeo R-1 vestriction endonuclease
and fractionated by gel electrophoresis. .\ DN {ragment carrying the
\'2-gene(s) was identified in this digest. This fragment hybridized with
=mRNAs coding for two different 2\ regions equally well. These results
indicate that base sequence homology among 7»-mRNAs is so high that
any 2-mRNA should cross-hyvbridize with all or most of germ line V
7ogenes. Irom amino acid sequence datu, it is argued that there are
probably more than 25 different 2V regions. Tencee it is concluded that
the number of germ line genes is too small to account for the diversity of
% chuins.

Kev-worns: Antibodv, N7 region,  Immunogenctics;  Hvbridization,
KNA, DNAL Diversity, Myeloma, Mouse.
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