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ABSTRACT Sequences of each of the four framework seg-
ments FRI, FR2, FR3, and FR4 of the variable regions (V-re-
gions) of light and heavy chains of immunoglobulins were
grouped into sets with identical sequences. Sets contained from
1 to 18 members. When each V-region was traced from one FR
to the next, it was seen that members of the same set in FRI
could be associated with different sets in FR2, FR3, and FR4.
This suggests that the framework for the light and heavy chain
V-regions is assembled during embryonic development from sets
of minigenes for each FR segment. FR4 from three sets of
human VET chains also contained members of VJIl, VT11I, and
VJIV subgroups; one FR2 set contained eight rabbit VE, one
human VJIV, and four mouse V, and an FR4 set contained two
human VHTII and one mouse VHIII, indicating substantial ev-
olutionary preservation of these sequences and suggesting that
the sets of minigenes are highly conserved in the germ line. The
clone of Tonegawa et a. [Tonegawa, S., Maxam, A. M., Tizard,
R., Bernard, 0. & Gilbert, W. (1978) Proc. NatL. Acad. Sci. USA
75, 1485-1489] could be a hybrid FRI and FR3 coming from
minigenes of MOPC 315 (a VXII) whereas FR2 would come from
MOPC 104E (a VAI). That FR4 is not joined to the rest of the
V-re'on in 12-day-old mouse embryo DNA is also in accord with
this hypothesis. Mouse sperm DNA should be examined to es-
tablish whether the hypothesized minigenes are separated by
intervening sequences and whether the complementarity-de-
termining (hypervariable) regions or segments of the V-region
are separated from the framework in genomic DNA. Sperm
DNA from rabbits or other species could be used to search for
minigene segments whose sequences are identical in several
species.

The variable region (V-region) of immunoglobulin light and
heavy chains may be divided into four framework (FR) and
three complementarity-determining [hypervariable (1)] regions
or segments (CDR). In the V-region of light chains (VL), FR1,
FR2, FR3, and FR4 comprise residues 1-23,35-49,57-88, and
98-107, respectively, and CDR1, CDR2, and CDR3 comprise
residues 24-34, 50-56, and 89-97, respectively (1, 2). CDR1
and CDR3 may vary in length due to insertions (1-3, cf. 4). In
the V-region of heavy chains (VH), the FR are 1-30, 36-49,
66-94, and 103-113 and CDR1, CDR2, and CDR3 are residues
31-35B, 50-65, and 95-102; CDR1, CDR2, CDR3, and FR3
may also have insertions (cf. 2). The light (5-7) and the heavy
chains (8, 9) have been divided into subgroups based essentially
on sequences in FR1. Each framework sequence for a subgroup
is considered to represent a single structural gene. Recently,
Potter (10) has classified mouse V,, sequences into groups called
"isotypes," each isotype having sequences in FR1 that could
have up to three substitutions hypothesized as resulting from

somatic mutation. Efforts to subgroup beyond FRi have been
relatively uninformative.

In the course of preparing the second edition of Variable
Regions of Immunoglobulin Chains (2), we attempted to use
the PROPHET computer to organize the listing of the light and
heavy chains of the various species by selecting identical FRi,
FR2, FR3, and FR4 segments; these were then arranged so that
one could readily see sets identical in FRi and within such sets
one could see identical FR2, FR3, and FR4. It became evident
that chains with identical FRI could be associated with dif-
ferent sets of FR2, FR3, and FR4. These findings are best in-
terpreted on the hypothesis that FRI, FR2, FR3, and FR4
consist of germ-line dictionaries of minigenes and that, in the
process of assembly of the complete V-region gene, these are
selected by joining the appropriate FR and CDR segments of
DNA. The recently described clone of Tonegawa et al. (11), for
which the nucleic acid of the mouse VA gene was sequenced (12)
from 12-day-old mouse embryo DNA, can be interpreted as
having been assembled from FRI and FR3 from MOPC 315
(a VATI) and FR2 (except for Glu vs. Gln as discussed below)
from MOPC 104E (a VAT); CDR1 had the same sequence in
both VAT and VAIT whereas CDR2 and CDR3 had sequences
of both VAT and VxIT. In line with recent findings in viral and
mammalian genes, the present analysis predicts that intervening
sequences will be found between the FR fragments and that
the CDR will be recombined into the FR segments during early
embryonic development with elimination of the intervening
sequences to assemble a V-region gene. Intervening sequences
(13) have now been found in a mouse f3-globin (14, 15), rabbit
globin (16), avian ovalbumin (17, 18), viral proteins (19-25),
some ribosomal DNA genes in Drosophila (26-29), and tRNA
genes in yeast (30).

RESULTS
The data base (2) of V-region sequences supplemented by ad-
ditional published data (31-46) contained complete and partial
sequences of 509 light and 225 heavy chains. Sequences of
human VJT, mouse VK, rabbit VK, and human and mouse VHIIT,
the only groups with sufficient data, were sorted so that iden-
tical sequences of FRI, FR2, FR3, and FR4 were located; Glx
and Asx were accepted as equivalent to Gln or Glu and Asn or
Asp in assembling sets. These were grouped further and ex-

Abbreviations: V-region, variable region; VL, VH, variable regions of
light and heavy chains, respectively; V,>, variable regions of K light
chains; VXA, VAII, variable regions of two subgroups of mouse X light
chains; VHIII, subgroup of heavy chain V-regions; FR, framework
regions or segments of the V-region; CDR, complementarity-deter-
mining (hypervariable) regions or segments of the V-region; C-region,
constant region of light and heavy chains.
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FIG. 1. Assembly of the frameworks of human VjI chains from
minigene sets. *, Cold agglutinin with anti-blood group I activity; a,
human K light chain subgroup II; b, human K light chain subgroup III;
c, human K light chain subgroup IV.

amined to determine whether chains in one set in FR1 were
associated with one or more sets identical in FR2, FR3, and
FR4. Because many VL and VH sequences are incomplete and
because a sufficient number of sequences is not available, many
FR segments had only a single example in a group. This was
especially true for FR3. Nevertheless, the data clearly show that
chains in a given FR1 set were associated with several sets of
FR2, FR3, or FR4. Moreover, members of a given FR set could
come from several subgroups or from several species. The
findings are given for human Vj, mouse VK, rabbit VK, and

FEi FR2

human and mouse VHIII. Chains with the same sequence for
a given FR are enclosed in a box; a single listing indicates that
two identical sequences have not been encountered. If a box
is empty, little or no sequence data are available. Sequences that
do not permit comparison of two or more FR segments in a
given chain have been omitted.
From Fig. 1, on human VKI chains, it is evident that FR1

contained three sets with identical residues. One set contained
18 chains, another contained 7, and a third 2; there were several
other sets with a single sequence. If one follows the lines in Fig.
1, for each chain it is clear that ROY and AU were associated
with the same sets of FR1 and FR2 but with different FR4 sets;
the third member of the FR2 set, KA, was from FR1 and FR4
sets in which it was the only member. EU, PAU, and HBJ4 from
the FR1 with seven proteins each was associated with an indi-
vidual FR2 set but EU was associated in FR4 with LAY with
unique FR1 and FR2. AG from the FR1 set with 18 members
and BI from a unique FRI and FR2 were in the same FR4 set;
this FR4 set was unusual in that it contained two VKII (FR and
NIM), one VKIII (protein FR4), and one VKIV (LEN); another
VKI (OU) set had an identical VKII (TEW) and a third (HAU)
had an identical VKIII (POM); all were of human origin. FR3
is not included in Fig. 1 because of incomplete sequences or
because no two chains were identical.

Fig. 2 shows the data for mouse VK chains. In FR1, one set had
eight identical members and two sets had two identical mem-
bers; in the FR2 set, MOPC 321 and, just recently, TEPC 124,
MOPC 63, and Ab22 (D. J. McKean, M. Bell, and M. Potter,
personal communication) have been completely sequenced and
are identical. Two other proteins could be identical, sequences
being incomplete in one and three residues; these are given in
parentheses with the number of missing residues alongside. FR3
and FR4 each have two sets with identical members. Again it
is evident that members of a given FR1 set may be associated
with different sets for FR2, FR3, and FR4.
The data from rabbit VK (Fig. 3) are the most striking because

there are six sets with more than a single member in FR1 and
two in FR2. The top FR2 set with eight rabbit members is as-
sociated with two different FR1 sets with three and four
members, respectively, plus four each with a single member.
The 14 members of FR4 are associated both with unique sets
and with sets with several members in both FR1 and FR2 but
one member of these sets is associated with a unique FR4 set.
The various sets include members with varying antibody ac-

FF3 FR4

FIG. 2. Assembly of the frameworks of mouse V,, chains from minigene sets. 0, Anti-p-azophenylarsonate; 0, Anti-phosphocholine; a, rabbit
K light chain; b, human K light chain subgroup IV.

2430 Immunology: Kabat et al.



Proc. Natl. Acad. Sci. USA 75 (1978) 2431

FR1 FR2 FR4

FIG. 3. Assembly of the frameworks of rabbit V, chains from
minigene sets. 0, Anti-type III pneumococcal polysaccharide; 0,

anti-type VIII pneumococcal polysaccharide; A, anti-streptococcal
group A variant carbohydrate; A, anti-streptococcal group C carbo-
hydrate; +, anti-p-azophenylarsonate; X, anti-Micrococcus lyso-

deikticus; a, mouse K light chain; b, human K light chain subgroup IV;
c, K9-335 has the same sequence as K9-338; d, the residue at position
36 (2) has been changed from Tyr to Phe for K29-213, K9-335, and
K9-338 (35).

tivities; thus, many sets with several members may include
antibodies of three different specificities and one with no known
antibody activity.

In Figs. 2 and 3 it may be seen that the top FR2 set has eight
rabbit, four mouse, and one human VKIV members. Thus, this
sequence of 15 residues has been highly preserved over a sub-
stantial evolutionary period. Fig. 4 summarizes combined data
for human and mouse VHIII chains. There are two human and
two mouse FRi sets, three human and two mouse FR2 sets, and
two mouse FR3 sets with several members. An FR4 set contains
two human and one mouse segment that are identical; the two
other groups of mouse FR4 are only potentially identical be-
cause their sequences are not complete. It is again evident that
members of one set of identical FRI may be associated with
different sets of FR2, FR3, and FR4. The human and mouse

sets remain separate except for FR4 in which two human pro-

teins, TIL and NIE, have the same sequence as MOPC 47A,
again indicating evolutionary conservation.
IWhen the mouse data are examined for antibody specificity,

they fall into two groups-one with phosphocholine specificity
and one with ,32 - 1-fructosan specificity. This makes the
mouse VHIII data more limited because they are highly se-

lected, but the human and mouse data agree with the inferences
from the data in Figs. 1-S.

DISCUSSION
Despite the relatively small numbers of complete sequences (2,
31-46), the data presented in Figs. 1-4 show a remarkable

frequency of occurrence of identical sequences for the indi-
vidual framework segments, especially those of FRI, FR2, and
FR4. The occurrence of identical sequences of FRI was noted
in the original papers in which subgroups of human VK chains
were established (5-7), and it was pointed out (47) that the
occurrence of such high frequency of identical FRi meant that
FRi could not be involved in complementarity but had to be
a structural or framework segment. The data in Figs. 1-4 also
make it clear that attempts at subgrouping beyond FRI could
not be successful.
The present finding that members of a given FRi set can be

associated with different FR2, FR3, and FR4 sets is best inter-
preted on the hypothesis that the corresponding sets of nu-
cleotides in the DNA are separated from one another. Thus, the
nucleotide sequence that codes for each framework may be
considered to be made up from a set of germ-like minigenes
that are assembled during early embryonic development to-
gether with the nucleotide sequences for the three CDR to give
the complete V-region sequence. This hypothesis is a slight
modification of the episomal insertion mechanism proposed
earlier (ref. 1; cf. 48) to explain the generation of diversity
during embryogenesis by insertion of the nucleotide sequences
for the CDR into a framework at a time when the genome was
considered to be a linear sequence of individual genes and the
only insertional mechanism known was episomal (49). The
recent revolution in concepts resulting from the demonstration
of leader and intervening sequences makes the insertional hy-
pothesis for the generation of diversity more acceptable. Indeed,
the assembly of many genes from pieces (13) is not very dif-
ferent from an insertional mechanism. The recent findings of
Tonegawa et al. (11, 12) that, in 12-day mouse embryo DNA,
the VXI and CGI genes are separated by at least 5000 bases
whereas in myeloma immunoglobulin they are separated only
by 1250 nucleotides indicates that movement of genes and gene
segments may be occurring throughout embryonic develop-
ment. Thus, one must look for the true sequence of a gene in
the genome in sperm or in egg DNA because movement of
nucleotides may have occurred by the time the embryo is 12
days old.
The conclusions in this study, proposing a set of minigenes

for the framework of the V-regions of light and heavy chains,
suggest that the findings of Tonegawa et al. (12)-that 12-day
mouse embryo DNA contains a linear array of nucleotides for
residues 1-96 of the V-regions, may represent the result of
differentiation and that, in mouse sperm or egg DNA, these
nucleotides may not occur in sequence but as minigene seg-
ments for each FR region. There might well be intervening
sequences between groups of FR minigenes or even between
minigenes. The finding that the clone from the mouse embryo
DNA that was hybridized yielded a sequence that contained
framework residues for VxII (MOPC 315) and VXI (MOPC
104E) suggests that such joining had already taken place. That
FR4 is not joined to the rest of the V-region sequence suggests
that in the cell of the 12-day embryo that donated the DNA
sequence the assembly of the V-region had not yet been com-
pleted. Mouse sperm DNA constitutes a not too inaccessible
source of true genomic DNA and one hopes that it will be used
for these studies. Sperm DNA from rabbits or other species
could be used to search for those FR segments that are identical
in several species. Extreme care must be taken to separate the
sperm from the other cells present in semen (50).

This hypothesis will clearly be testable as more sequences
become available because the repeats in individual FR segments
should increase and some of the groups with a single member
should become larger.

immunology: Kabat et al.
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FIG. 4. Assembly of the frameworks of human and of mouse VHIII chains from minigene sets. 0, Anti-human gamma G1 globulin; 0, anti-
human gamma G1 and G3 globulin; A, cold agglutinin with anti-blood group I activity; ,, anti-phosphocholine; +, anti-f,2 - 1-fructosan.

If one examines the nucleotide sequences of Tonegawa et al.
(12) for their VA mouse gene in terms of this hypothesis, it is
clear that FR1 and FR3 are of VjII origin, the sequences cor-
responding to MOPC 315, whereas FR2 has a Val at position
36 (numbering as in ref. 2), the residue found by amino acid
sequencing in VII, MOPC 104E. The nucleotide sequence for
Val6 is followed by the nucleotide sequence for Gln-Glu, the
amino acids at residues 37 and 38 which are considered to be
the VXII sequence; Gln-Gln is given for VjI. However, these
sequences have not been thoroughly documented with respect
to the presence of the amide group. Indeed, the data of Dugan
et al. (51) give Glx-Glx and those of Goetzl and Metzger (52)
give Glu-Glu for the sequence at positions 37 and 38, not
Gln-Glu as reported by Tonegawa et al. (12). This sequence
Gln-Gln in MOPC 104E (53) must also be considered as tenta-
tive. This is considered to be a very difficult region to sequence.
If the Gln or Glu assignment from amino acid sequencing does
not ultimately distinguish between VjI and VXII, or if it does
not indicate that this segment is VIII, then FR2 with Val at
position 36 becomes a VJI whereas FR1 and FR3 are clearly
VJII, which would strongly support the hypothesis presented.
It thus becomes of substantial importance to determine these
sequences unequivocally. Moreover, it is crucial to recognize
that nucleic acid sequencing will not replace amino acid se-
quencing in studying immunoglobulin chains and antibody
complementarity until one can be sure which nucleotide se-
quences, when translated into amino acid sequences, actually
are in the protein and which are intervening nucleotides.
The various sets in a given FR may differ from one another

by substitutions at from 1 to 11 positions. The high frequency
of sets with multiple members, including members of several
species, would tend to support the hypothesis that the minigenes
are maintained in the germ line rather than that they are gen-
erated by somatic mutation which is usually used to explain one
or a few amino acid substitutions. As new clones are discovered

and sequenced, the association of FR1 with FR2, etc., from
different sets, as is a possibility from the first clone studied (12),
could also provide a better test of this hypothesis.

If this hypothesis proves to be correct, the location of the CDR
in relation to the FR in the genome becomes of great impor-
tance and this would have to be studied in sperm DNA. Because
recent studies show the apparent linkage of idiotype (which is
related closely to the CDR) to allotype to be dependent in the
mouse upon the light chain (54), this association becomes es-
sentially a regulatory phenomenon and would not necessarily
provide any insight into the location of the CDR or even the FR
in relation to the C-region of the genome. Previous findings (55)
of an identical CDR1 in a human VII and a human VAV al-
though they differ at 21 positions throughout the V-region and
an identical CDR3 (31) in a human VKI and a human VJIII
despite 30 amino acid differences in the V-region also strongly
support the assembly of the V-region by the joining with or
insertion of the CDR and the FR pieces (1). In the rabbit there
is evidence for linkage of the a allotypes, which are in the V-
framework, with the C-region.*

Assembly of the V-region framework by selection of different
FR pieces would make for a geometric increase in the number
of frameworks for the complete V-region. It would also provide
a substantial protective mechanism for the antibody-forming
system because losses of the minigenes for FR pieces from one
or more segments would not prevent the assembly of immu-
noglobulin V-regions. Species differences such as those seen in
individual FR between human and mouse could be the result,
during evolutionary time, of loss of FR pieces or of mutations
that did not affect the ability of these FR segments to assembly
and fold into the proper three-dimensional structure. That four

* Mage, R. G. (1977) Proceedings of the Third International Congress
of Immunology, Sydney, Australia, July 3-8, Progress in Immu-
nology, Vol. 3, pp. 289-297.
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sets of human FR4 comprise members of the different V,
subgroups and that one set of FR4 contains an identical se-
quence from two species and another set of identical FR2
contains members of three species, indicating substantial con-
servation of the minigenes for the FR segments in evolution,
is crucial to complete understanding of the genetic basis of
antibody structure and the generation of diversity.
We have searched for sequences of the minigene sets in the

data banks of the C-region sequences and in the Dayhoff file
(56) with immunoglobulins removed. The greatest homology
found was only 6/11 residues in the FR4 set with two mouse
and one human VHIII. All other sets showed lower degrees of
matching. Thus, the proposed minigene sets are unique to V-
regions.

The data base of variable region sequences is maintained in the
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was aided in part by a grant from the National Institutes of Health,
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