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ABSTRACT A comparison between the cloned mouse DNA
segments that were found to code for the A and « light chains
of immunoglobulins established that there were seven short
nucleotide sequences, two of which matched 6 out of 7, two 7
out of 8, two 8 out of 9, and one 9 out of 10 bases; these sequences
were located either at homologous amino acid positions or at
positions displaced by four amino acids or less. They all oc-
curred in the framework regions (FRs), five next to the com-
plementarity-determining regions (CDRs). Three of these were
unique and did not occur elsewhere in the immunoglobulin
nuc?eotides sequenced thus far or in DNAs of phage ¢X174,

hage G4, or simian virus 40. Five could serve as sites of joining
Ky recombination or insertion of CDR to FR segments, and the
invariant tryptophan that is the first residue of the second FR
might serve as a sixth. These sites are consistent with the mini-
gene or insertional hypotheses for the generation of antibody
diversity but could also serve as points of recognition for a

mutator enzyme or could serve to limit somatic mutation to the
CDRs.

The vast amount of experimental data on amino acid sequences
of immunoglobulin variable regions (V regions) (1) has provided
a basis for trying to understand antibody diversity. From a
statistical analysis of such sequences (2, 3) as they were being
accumulated, the three complementarity-determining (hy-
pervariable) regions or segments (CDRs) were recognized in
the light (L) and in the heavy (H) chains and predicted to form
the walls of the antibody combining site; this has been verified
by x-ray crystallography in four different laboratories (refs. 4-7;
see ref. 8). As a consequence of this analysis each immuno-
globulin chain was divided into four framework regions (FRs)
separated by the three CDRs as follows: FR1, CDR1, FR2,
CDR2, FR3, CDRS3, and FR4. It was recognized that a simple
mechanism for assembling the chains could be the insertion of
nucleotides coding for the CDRs into those coding for the FR
segments to assemble a complete V-region gene (2, 3). When
the various FR segments for each chain were arranged into sets
(9), each set being made up of segments identical in sequence,
it was noted that the members of a given FRI set could be as-
sociated with different FR2 sets, FR3 sets, and FR4 sets. This
independent assortment of FR sets led to the hypothesis (9) that
the V-region gene is assembled from sets of germ line minigenes
for the FR segments and inferentially from sets of minigenes
for the CDRs. A minigene was defined as a DNA segment
coding for a portion of the V region that shows some evidence
of segregation as a functional unit independent of the rest of
the DNA coding for the V region (10). It was further hypoth-
esized that the minigenes were assembled somatically during
differentiation. Because assortment was demonstrated only for
FR segments, it would be independent of whether one or two

CDR residues assorted with a given FR. The CDRs could not
be examined for independent assortment because there were
too few that were identical.

Studies by Tonegawa and coworkers (11-13) and by Seidman
et al. (14, 15) have led to the isolation from 12-day mouse em-
bryo of cloned DNA gene segments coding for V, and V) chains
from FR1 almost to the end of CDR3.

Bernard et al. (13) subsequently isolated from mouse embryo
DNA a clone (Ig99)) coding for the last two residues of CDR3
plus FR4, which they termed the ] segment, followed by an
intervening sequence of about 1.2 kilobase pair and then by the
DNA coding for the constant (C) region of mouse V; they also
isolated another clone from adult myeloma DNA (Ig25\)
coding for the entire V region. Seidman et al. (16) have ob-
tained similar results with clones coding for V, DNA; in embryo
DNA, a nucleotide sequence for MOPC41 myeloma coded for
amino acids 1-95 and another coded for amino acids 96 to the
end of the V region (FR4 plus two residues of CDR3), whereas
in adult myeloma DNA, the entire V region was assembled.
Thus the J segments (FR4 plus two residues of CDR3) are mi-
nigenes whose DNA is joined to that coding for the rest of the
V region between the twelfth day of embryonic life and the
adult myeloma, confirming our postulated somatic assembly
for this segment (9).

Several groups (17, 18) have used amino acid sequences of
mouse V, and V chains to show assortment of a J segment (two
or three residues of CDR3 plus all of FR4), and Max et al. (19)
have shown by deterimining the nucleotide sequence of the
3.7-kilobase pair intervening sequence of MOPCA41 the presence
of five ] segments each encoding a different FR4 plus two
residues of CDR3.

A major question remains as to whether the minigene hy-
pothesis (9) holds for the rest of the V region. A detailed analysis
of sequence data and the recognition of an FR2 that was
identical in 1 human, 20 mice, and 13 rabbits (10) was inter-
preted as supporting this hypothesis.

We have aligned the nucleotide sequences for the V), (11-13)
and V, (14-16) clones lacking the ] segment to correspond to
the amino acid sequences and have looked for identical se-
quences of six or more nucleotides with possibly one mismatch;
seven such sequences were found. Three of these nucleotide
segments were unique to V regions and were not found in the
coding or noncoding strands of phage ¢X174 (20), simian virus
40 (SV40) (21, 22), phage G4 (23), or elsewhere in the sequences
of immunoglobulin clones (11-16, 24). Five occurred in posi-
tions such that they could serve as points of joining by recom-
bination or insertion of the appropriate CDR and the FR; the
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Abbreviations: CDR, complementarity-determining region; FR,
framework region; V, variable; C, constant; H, heavy; L, light; SV40,
simian virus 40; HH, hyperhomologous; MOPC, plasmacytomas in-
duced in BALB/c mice with paraffin oil (43).
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invariant Trp, for which only one codon exists and which is the
first residue of FR2, could serve as a sixth recognition signal.
Thus V, and V) frameworks contain the same nucleotide se-
quences at the proper locations for joining all of the FR and
CDR segments up to and including the ] minigene.
Tonegawa et al. (11) tabulated homologies of portions of the
nucleotide sequences of the bottom strand of CDR1 and the top
strands of CDR2 and CDRS3 in their V,II gene, and Ben-Sasson
(25) has extended these similarities in nucleotide sequences to
two other regions in V,II that he terms hyperhomologous (HH).
The fourth region related to V-C joining and the fifth was in
the intervening sequence 32 nucleotides away from it. He also
lists a different set of five HH sequences from the data on V,
(14, 15). Ben-Sasson points out the similarity of the V), HH
nucleotide segments to prokaryote recombination site sequences
IS1 and IS2 (26, 27) and those of V, HH to att (28) and hypo-
thesizes that the HH sequences are sites of extensive recombi-
nation that, together with an error-prone repair system (refs.
29, 30; compare refs. 31-34), would generate diversity in the
CDR somatically after an initial V-C joining step. Our findings,
if the constancy of these nucleotide segments is maintained as
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further clones are sequenced, could also provide recognition
sites for mutator enzyme attachment.

MATERIALS AND METHODS

We have aligned three mouse A L chain DNA sequences—Ig
13X (11), Ig 99\, and Ig 303\ (13)—and five mouse « se-
quences—K2, K3, the one deduced from the partial mRNA
sequence of MOPC149 (14, 15), and the cloned embryo and
adult DNA sequences of MOPCA41 (16)—together with amino
acid positions (Fig. 1). The nucleotide sequences for Ig 13\ and
Ig 99 correspond to the L chain V region sequence up to amino
acid residue 96, (amino acid numbering as in ref. 1) together
with 24 bases beyond position 96. That for Ig 303\ corresponds
to amino acid positions 1 through 95. Those for K2 and K3
correspond to amino acid positions 1 through 97, together with
21 bases beyond position 97. The DNA sequence deduced from
the partial mRNA sequence of MOPC149 corresponds to amino
acid positions 46 to 89. The DNA sequence for cloned embryo
MOPCA1 corresponds to amino acid positions 1 to 95 followed
by an intervening sequence and that for the cloned adult
MOPCA41 corresponds to amino acid positions 1 to 95. The
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Alignment of cloned mouse A and « L chain DNA sequences. The sequence designated by A represents the sequences of Ig13\ (11)

and Ig99) (12), which code for the V region minus the J segment (or FR4 with one or two amino acid residues of CDR3), together with 24 nucleotides
beyond amino acid position 96. The base differences among them are indicated below the line. In addition, the sequence of Ig303\ (13) is also
included up to amino acid position 95. The sequence designated by « represents the sequences of K2 and K3 (14, 15), which code for the V region
minus FR4 together with 21 nucleotides beyond amino acid position 97, the corresponding DNA sequence for the partial mnRNA sequence of
MOPC149 from amino acid position 46 to 89 (14, 15), the sequence of the embryonic MOPC41 (16), which codes for the V region minus the J
segment together with 27 nucleotides beyond amino acid position 95, and the sequence of adult MOPC41 (16) up to the first and second nucleotides
coding for Pro at position 95. The corresponding amino acid positions are aligned. Gaps used for alignment are given by dashes. Short nucleotide
sequences that are identical and similar in the three A and three k sequences are underlined. FR1 consists of amino acid residues 1-23; FR2,

35-49 (ref. 1, but see text); and FR3, 57-88.
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maximum length of these sequences was 318 bases. They were
aligned according to amino acid positions (1), (Fig. 1), and a
search for identical nucleotides was conducted among all eight
sequences. These sequences were also misaligned by five amino
acid positions or less to see whether additional identical nu-
cleotides could be found. If such nucleotides occurred in clus-
ters, they might be of genetic importance. Because in ¢X174
each frame may call for a different function (20), it is con-
ceivable that frames other than the coding frame might serve
other functions such as recognition signals, etc.

We further used known sequences of $X174 (20), SV40 (21,
22), and G4 (23) for comparison. Because these DNAs would
presumably be totally unrelated to immunoglobulin genes, the
presence of similar or identical stretches of nucleotide segments
in these viral DNAs and in cloned immunoglobulin genes might
suggest lack of specificity or, conceivably, depending on their
locations, some related function.

RESULTS

As shown in Fig. 1, there are seven short nucleotide sequences
that match at least six bases with possibly one mismatch among
the three mouse A and five « light chain DNA sequences and
are located either at homologous amino acid positions or off by
four amino acid positions or less. Their corresponding amino
acid sequences are also listed except for the last two pairs, which
are located either at the junction of CDRS and the intervening
DNA sequences or beyond the coding DNA segments (Fig. 1).
These segments are listed in Table 1.

Sequence 1 is identical for the three mouse A chains and three
of the five mouse « chains, with the fifth nucleotide being T,
while the adult and embryonic DNA sequences of MOPC41
have a C instead. They are all in register with the amino acid
positions, and begin at the second nucleotide for Val of A chains
and Met of « chains at position 4 (Fig. 1). Sequence 2 is also in
register between the A and « chains; it begins at the second
nucleotide for Leu of A and Ile of « at position 21. The fifth
nucleotides are T for the three mouse A chains and the adult and
embryonic sequences of MOPCA41, whereas the remaining three
k chains have an A instead. Sequence 3 is out of register by four
nucleotides. It is identical for the three mouse A chains and for
k chains K2, K3, and MOPC149, with the third nucleotide being
G, whereas the adult and embryonic sequences of MOPC41
have an A instead. In A it begins at the third nucleotide for Thr
at position 45, and in « at the second nucleotide for Leu at po-
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sition 47. Sequences 4 and 5 are again in register. Sequence 4
begins at the first nucleotide for Gly at position 57, and the sixth
nucleotides are different. Sequence 5 begins at the first nucle-
otide for Tyr at position 86, and the fifth nucleotides are dif-
ferent. Sequences 6 and 7 are out of register, the former by 1
and the latter by 11 nucleotides. Sequence 6 is located at the
junction of CDR3 and the intervening noncoding region, and
the sixth nucleotides are different. Sequence 7 is identical for
the three mouse A chains and for k chains K2, K3, and
MOPC149, with the third nucleotide being G, whereas the adult
and embryonic sequences of MOPC41 have an A instead; it is
in the intervening noncoding region beyond CDR3.

Three of the seven sequences—2, 5, and 6 (Table 1)—were
not found anywhere else in the cloned mouse DNA sequences,
including intervening noncoding sequences and those coding
for the J segment and C regions of L (12) and H (24) chains of
immunoglobulins or in ¢$X174 (20), SV40 (21, 22), and G4 (23).
They are also the longer sequences. Sequences 1 and 4 are
shorter, and similar sequences were found elsewhere. A se-
quence similar to no. 1, TGACGCAG, with the fifth nucleotide
being G, was found twice in $X174 (20) at positions 18 and 797.
At both places, the sequence was used to code for two different
proteins: proteins A and B at position 18, and proteins D and
E at position 797. In the A protein, it consisted of the second and
third nucleotides coding for Met and the codons for Thr and
Gln; in the B protein, the third nucleotide coding for His, the
codons for Asp and Ala, and the first nucleotide coding for Glu;
in the D protein, the third nucleotide coding for Thr, the codons
for Asp and Ala, and the first nucleotide coding for Glu; and
in the E protein, the second and third nucleotides coding for
Leu and the codons for Thr and GIn. A sequence identical to
no. 4 of X2, K3, and MOPC149, GGTGTGCC, was found in
SV40 (21, 22) on the complementary strand at position 1214,
which is noncoding.

The two remaining sequences, 3 and 7, are the shortest (Table
1), and they were found elsewhere 8 and 10 times, respectively.
However, if the third nucleotide is required to be a purine—i.e.,
G or A—they were found elsewhere only 4 and 3 times re-
spectively. A sequence identical to no. 3 of A, K2, K3, and
MOPC149, TGGTCTA, was found in ¢X174 at position 2833
(20) and G4 at position 4461 (23). It consisted of the codons for
Trp and Ser and the first nucleotide coding for Asn located near
the COOH terminus of the G protein. A sequence identical to
no. 3 of the adult and embryonic MOPC41, TGATCTA, was

Table 1. Similar short nucleotide segment pairs among the eight mouse A and x L chain DNA sequences

. Other nucleotide
Matches

Number of arrangements that
between A similar could give same amino
Pair A DNA Amino acid x DNA Amino acid and « sequences found acid sequences
no. sequences positions sequences positions sequences elsewhere A I3
1 TGACTCAG 4-6 TGACTCAG 4-6 7/8 or 8/8 2 8 2
C
2 TCACTTGTCG 21-24 TCACATGTCG 21-24 9/10 or 10/10 0 8 6
T
3 TGGTCTA 45-47 TGGTCTA 47-49 6/7 or 7/7 4or8 96 16
A
4 GGTGTTCC 57-59 GGTGTGCC 57-59 7/8 1 4 4
C
5 TATTTCTGT 86-88 TATTACTGT 86-88 8/9 0 8 8
6* CCACAATGA 96-99 CCACAGTGAt 96-99 8/9 0 ? ?
T* ATGACAT 98-100 ATGACAT 102-104 6/7 or 7/7 3or 10 ? ?
A

Identical bases are underlined.

* These sequences were found either at the junction of CDR3 and the intervening DNA sequences or in the intervening DNA sequences beyond

CDR3.

t Seidman et al. (16) have noted that a portion of this sequence CACAGTG can form an inverted repeat.
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found on the complementary strand of Ig13A (11) and Ig99A
(18), located 33 nucleotides beyond amino acid position 96, in
the intervening noncoding region. A sequence similar to no. 3,
TGCTCTA, with the third nucleotide being C, was found in
SV40 (21, 22) at position 1403, which probably codes for both
the VP2 and VPS3 proteins; and in the coding regions of Ig13\
(11), Ig99A, and Ig303A (18), consisting of the third nucleotide
coding for Cys 88 and codons for Ala 89 and Leu 90.

A sequence identical to no. 7 of A, K2, K3, and
MOPC149—ATGACAT—was found in SV40 (21 22) at po-
sition 988, which probably codes for both the VP2 and VP3
proteins, and in the intetvening noncoding segment 58 nucle-
otides in front of the sequence coding for the variable region
of K3 or 12 nucleotides in front of the sequence coding for the
precursor segment of K3 (14). A sequence identical to no. 7 of
the adult and embryonic MOPC41—ATAACAT—was found
in SV40 (21, 22) on the complementary strand at position 4161
in the main body coding for the T antigen. A sequence similar
to no. 7, ATTACAT, with the third nucleotide being T, was
found in G4 (23) at position 3205, consisting of the third nu-
cleatide coding for Lys and codons for Leu and His in the F
protein; and at 5092, consisting of codons for Ile and Thr and
the first nucleotide for Ser in the H protein. Another sequence
similar to no. 7, ATCACAT, with the third nucleotide being C,
was found in SV40 (21, 22) at position 3889, which is noncoding,
in the coding regions of K2 and K3 (14) consisting of codons for
Ile-21 and Thr-22 and the first nucleotide for Cys-23, at the
beginning of the J3 segment (19) consisting of codons for Ile and
Thr and the first nucleotide for Phe, and in the intervening
noncoding segment 22 nucleotides in front of the sequence
coding for mouse CH1 (24).

Fig. 1 also shows that sequence 1 is Iocated inFR1, and 2 at
the end of FR1 with two nucleotides in CDR1. Sequence 3is
in FR2 near the junction of FR2 and CDR2. Sequence 4 is at
the junction of CDR2 and FR3, being in FR3. Sequence 5 is in
FR3.at the junction of FR3 and CDR3. Sequence 6 is at the
junction of CDR3 and the intervening noncodin region, and
two nucleotides beyond the point of joining of ie J segrent
in both the mouse X (18) and (19) chains. Sequence 7 isin the
intervening sequence beyond CDRS3.

In an attempt to evaluate further the significance of these
nucleotide sequences, we have examined all of the alternative
amino aeid sequences of human, mouse, rabbit, and other
species of  and A light chains available (1, 35) corresponding
to nucleotide segments 1 through 5; these were converted into
nucleotide sequences. In most instances, especially for those
amino acid sequences occurring in many chains, these trans-
lated sequences gave choices that would maintain the integrity
of nucleotide segments 1 through 5. In instances in which a
given amino acid sequence was reported orly once, the
matching of nucleotide segment 1 was reduced from 7/8 to 6/8.
Nucleotide segment 2, which coded through the first two nu-
cleotides of Arg-24, was shortened in some instances so that the
matching sequence terminated with Cys-23 and matches of
nucleotide sequences from positions 21-23 were 8/8, 7/8, and
6/8; one rare instance consisting of a single sequence matched
at only 5/8 nucleotides, but if the two nucleotides of Arg-22
were included it matched 7/10. The alternative amino acid
sequences did not reduce the matching for nucleotide segment
3, which remained at 6/7 or 7/7; those for segments 4 and 5
were maintained at 7/8 and 8/9, respectively, except for rare
sequences for which only one occurrence had been reported
for which some 6/8 and 7/9 nucleotides were identical. This
comparison could not be made for nucleotide segments 6 and
7, which were in the intervening sequences beyond the coding

segment for CDR3 in clones from 12-day-old mouse embryo
DNA.
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DISCUSSION

The finding of seven nucleotide sequences that are identical
in the V) and V, clones is of considerable interest. The A and
« chains are unlmked and may even occur on different chro-
mosomes (36). Thus the identity of these nucleotide sequences
and their locations, if not a result of chance, could be of sub-
stantial significance. Five of these sequences—nos. 2, 3, 4, 5,
and 6—were positioned so that they could serve as recognition
sequences for the joining by recombination or insertion of CDR
and FR nucleotide segments required by thé minigene hy-
pothesis (9, 10). Sequences 5 and 6 were unique in that they did
not occur in other immunoglobulin V- and C-coding regions
or in intervening sequences or in ¢$X174, G4, and SV40. Se-
quences 1, 2, 4, 5, and 6 correspond to the amino acid sequence
but may be out of register with the codon, whereas sequence
3 was associated with amino acid residues 45-47 in V) and
47-49 in V,. This displacement may also prove very significant
in terms of antibody structure. Although CDR2 is considered
to be residues 50-56 from the aligned sequences, this assign-
ment is based on variability plots (1-3) on all L chain sequences.
Mouse V) chains are unusually restricted; indeed 12 were shown
to have the identical sequence throughout the V region. The
remaining chains differed only at residues in the three CDRs
except for position 48 (refs. 37-39; compare ref. 8). They all
have an insertion of three residues in CDR1 (1). Position 48 has
been found not to be invariant in mouse V) (refs. 37-39; com-
pare ref. 1) and it has been noted (8) that position 48 miglhit;
because of the insertion, be part of CDR2 in mouse V). Thus
the finding that the identical nucleotide sequence in mouse V,
and V), corresponds exactly to where it should be if CDR2 of
V) consists of residues 48-56 and that of the other V regions
consists of 50-56. Sequence 4 is again back in register and is
suitably positioned for joining by recombination or insertion
of CDR2 to FR3 in both V, and V. If this is a coincidence it is
an extraordinary one. It would be extremely important to have
a highi-resolution x-ray crystallographic study of a mouse V,
preferably a V1, to ascertain whether CDR2 consists of residues
48-56.

It might be argued that the amino acid sequencé orre-
sponding to these nucleotides in V), and V, was such as to dittate
the identity of the sequences. This is not so, however, because
the degeneracy of the code is such that other choices of codons
could provide the same sequence. Indeed, when the identical
sequence begins at a second or third codon additional choices
may become possible. The numbers of possibilities for pre-
serving the amino acid sequence without maintaining the nu-
cleotide sequence in V, and V), chains are given in the last two
columns of Table 1. It is clear that finding the identical nucle-
otide sequences in these segments of V, and V) chains is not
determined by the amino acid sequence. Most strikingly, the
chance of sequence 3 being completely identical in three of the
five V, and all three V), is extremely low, especially in view of
their different locations and amino acid sequences. This makes
even more significant the possibility that each could serve to
join FR2 and CDR2.

Sequence 5 is again back in register. Sequences 6 and 7 are
in the intervening sequences beyond residue 95 of CDR3, and
6 could serve as a site for the joining of CDR3 to J.

The significance of sequence 1 cannot be evaluated on the
basis of the data available. ,

. Even the limited nucleotide sequences available have thus
far provided recognition signals that could serve exactly for the
joining by recombination or insertion of the 5’ end of CDR1 to
FR1, of the 5’ and 3’ ends of CDR2 to FR2 and FR3, respec-
tively, and of the 5’ end of CDRS3 to FR3—all exactly as re-
quired by the minigene hypothesis. Sequence 6 in the inter-
vening sequence also occurs in proximity to the site of joining
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of the 5" end of the ] minigene to the 3’ end of the CDRS3 se-
quence (16-18). It will be important to see if additional DNA
clones will show whether or not the same nucleotides coding
in V, and V), for the FR segments that adjoin the CDRs will be
preserved. It is of interest that these nucleotide sequences differ
from one another and from those at the junctions of the Cj; and
hinge domains (24) and the L chain precursor (11, 13-16).

The site of joining of CDR1 to FR2 has not emerged from the
existing limited data unless it were to be just the invariant Trp.
In the original formulation (2) of the insertion hypothesis it was
pointed out that Trp might be a recognition site for joining of
CDR1 to FR2. Because there is but one codon for Trp and be-
cause splicing has been shown to occur within a single codon
(40), it could serve as this recognition sequence. Invariant Trp
is the first residue of FR2 in all Vy, and Vy chains (35).

The nucleotide segments described in the present study,
while consistent with the insertional (2, 3) or minigene (9, 10)
hypotheses, are also compatible with somatic mutation hy-
potheses (25, 29, 30, 37) in that they could provide recognition
sites for mutator enzyme attachment or boundaries limiting
somatic mutation to the CDRs. Analysis (41) of the assortment
data (9, 10) suggests somatic mutation is not important in the
framework of immunoglobulin chains (cf. ref. 42).

If additional x and A clones and further studies establish that
these nucleotide sequences are recognition sequences, the de-
generacy of the code as viewed from the standpoint of the
translated amino acid sequences will be but an apparent de-
generacy. Indeed, the choices of amino acids permitted by the
code will essentially be dictated by the necessity to incorporate
other genetic information or instructions within a given coding
sequence while permitting the amino acid chain to assume the
proper three-dimensional structure.
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