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ABSTRACT  Complete heavy (H) chain variable region (V re-
gion; amino acids 1-118) sequences have been determined for
three phosphocholine (PCho)-binding monoclonal antibodies of
CBA mouse strain origin. Two of these were found to differ from
the sequence of the BALB/c T15 germline Vy; segment (segment
of the V region that includes amino acids 1-95) at four positions
but were identical to the allelic form of T15 (C3) found in C57BL.
The third Vi segment, HP101.6G6 (6G6), was clearly the product
of a second, related Vy; gene, probably the allele of the BALB/c
V11 gene, a second member of the P-Cho V gene family. Thus,
more than one Vj gene is capable of encoding heavy chains of
PCho-binding antibodies. The 6G6 Vy; segment differs from V11
at seven positions; four of these distinguishing amino acids are
encoded in other members of the PCho V gene family. We pos-
tulate that the origin of the 6G6 Vy; sequence can most easily be
explained by a process of gene conversion occurring between at
least three members of the PCho Vy family.

The question of the mechanisms involved in the generation of
the vast array of diversity shown by immunoglobulins has long
been one of the intriguing problems in immunology. Recent
studies at both the protein and nucleic acid levels have dem-
onstrated that immunoglobulin light (L) (1-5) and heavy (H)
(6-9) chains are encoded in multiple genetic elements and that
the assortment of these various elements produces much of the
diversity shown by immunoglobulins at the protein level. Fur-
ther structural diversity arises as a result of alterations in the
recombination sites of these gene segments, generating both
amino acid-sequence and -length differences in the third hy-
pervariable regions (3-5, 8—11). Finally, the potential random
association of L and H chains and the occurrence of somatic
point mutations (12-16) may further amplify the diversity gen-
erated at the somatic level.

In addition to these somatic mechanisms, the unique nature
of the immunoglobulin genes provides the opportunity for ad-
ditional mechanisms to operate both somatically and in the germ
line to potentially generate additional diversity. Immunoglob-
ulin L and H chain variable (V) region segments (amino acids
1-95; V, and V segments, respectively) are encoded in mul-
tigene families, which each consist of >100 genes (17-19).
These large families can be divided further into subsets whose
members share a high degree of homology as identified by pro-
tein (17, 18) or nucleic acid (13, 14) sequence determination or
by the ability of a given L or H chain DNA probe to hybridize
with multiple, apparently closely related genomic bands (19,
20). The existence of such subsets of homologous gene struc-
tures provides an opportunity for gene interaction and, con-
sequently, the generation of antibody diversity. In the present
communication, we present evidence for such gene interaction
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in the form of gene conversion and discuss the potential role of
this mechanism in antibody V region diversity.

MATERIALS AND METHODS

Hybridoma Proteins. CBA/] hybridomas were prepared as
described (21) and injected into (BALB/c X CBA/J)F; mice.
The resulting ascites fluid containing hybridoma proteins was
then affinity-purified on a phosphocholine (PCho)-Sepharose
column (22). H and L chains were partially reduced and alkylat-
ed, dialyzed into 6 M urea/1 M acetic acid overnight, and sep-
arated by gel filtration on Sephadex G-100 columns equilibrated
in 6 M urea/1 M acetic acid.

Cyanogen Bromide (CNBr) Cleavage. H and L chains were
cleaved with CNBr at a CNBr/protein ratio of 4:1 (wt/wt) in
70% formic acid (23), and the fragments were separated on a
Sephadex G-100 column equilibrated in 5 M guanidine/0.2 M
NH,HCO,. Pooled fractions were dialyzed extensively against
0.2 M NH,HCO; and lyophilized. To separate fragments linked
by intrachain disulfide bonds, a complete reduction and alkyl-
ation was then carried out. Resulting peptides were separated
by gel filtration on a Bio-Gel A-0.5m agarose (Bio-Rad) column
equilibrated in 6 M guanidinium Tris buffer, pH 8.0. Pooled
fractions were dialyzed extensively against 0.2 M NH,HCO,3
and lyophilized.

Sequence Determinations. Automated Edman degradations
were performed on intact chains and CNBr fragments with a
modified Beckman 890 C sequencer (24, 25) and a0.25 M Quad-
rol buffer program. Identification of phenylthiohydantoin
amino acids was by high-pressure liquid chromatography (26).

RESULTS

Complete H chain V region sequences (amino acids 1-118) were
determined for three PCho-binding monoclonal antibodies
(HP100.6F9, HP140.7C6, and HP101.6G6) of CBA/] origin by
automated degradation of intact H chains and appropriate CNBr
fragments. These proteins subsequently will be designated 6F9,
7C6, and 6G6. CNBr-cleaved H chains were chromatographed
on a Sephadex G-100 column equilibrated in 5 M guanidine/
0.2 M NH,HCO, (Fig. 14). Peaks P3 and P4, which were found
to contain V region fragments, were pooled, reduced, [**C]alkyl-
ated, and applied to a Bio-Gel A-0.5m agarose column equili-
brated in 6 M guanidinium Tris, pH 8.0 (Fig. 1B). Similar cleav-
age patterns were obtained for all three H chains. V region
fragments used for sequence studies were obtained as follows:

Abbreviations: L, light; H, heavy; V region, variable region of the H
chain (amino acids 1-118); Vi and V|, segments, H and L chain V region
segments including amino acids 1-95; Vy, gene segment encoding
amino acids 1-95; Dy, H chain diversity segment; Jy, H chain joining
segment; PCho, phosphocholine; CNBr, cyanogen bromide.

#To whom reprint requests should be addressed.
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Fic. 1. (A) Sephadex G-100 chromatography of CNBr-cleaved H
chains. Columns were equilibrated in 5 M guanidine/0.2 M NH HCOj;.
P, peak. (B) Bio-Gel A-0.5m agarose chromatography of completely
reduced and [*Clalkylated pooled fragments from P3 and P4 in A.
Columns were equilibrated in 6 M guanidine (pH 8.0).

residues 1-34, P3P4E; residues 35-82, P3P4D; and residues
83-140, P3P4B. Sequences determined are presented in Fig.
2. The 6F9 and 7C6 sequences were identical to the sequence
of the Vy; segment of C3 to position 94 and expressed the four
characteristic allelic residues at positions 14, 16, 40, and 44
found in C57BL anti-PCho antibodies (28, 29).

DISCUSSION

The murine immune response to PCho has been well charac-
terized in a number of laboratories. Three of the originally de-
scribed BALB/c PCho-binding myeloma proteins T15, M603,
and M167 (30) subsequently have been shown to possess similar
H chains (23, 31), although their L chains are quite different
and belong to three separate V, subgroups (18). These three
myeloma proteins have proven to be prototypes for the murine
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response to PCho in that all inbred strains of mice use the
same or similar L chains in response to PCho immunization
(32).

Although the H chains from T15, M603, and M167 are sim-
ilar, a number of amino acid substitutions exist among these
molecules. Recent studies comparing the protein sequences of
these H chains and those from a number of BALB/c anti-PCho
hybridomas (12) to the DNA sequences of genes from the PCho
gene family (13) have concluded that the entire Vy repertoire
seen in this response is generated from a single V;; gene and
that variations such as those seen among the T15, M167, and
M603 H chains are the result of somatic mutation. This partic-
ular V,; gene directly encodes the T15 Vy segment, defining
T15 Vg as a BALB/c germ line gene product. In the present
study, we have determined the complete V region sequences
from three PCho-binding monoclonal antibodies of CBA origin.
The three CBA proteins analyzed were selected because of the
observation that each expressed a different L chain, which in
turn corresponded to one of the BALB/c myeloma L chains.
6F9 expresses an M603-like L chain; 7C6, a T15-like L chain;
and 6G6, an M167-like L chain. Amino-terminal sequences of
these L chains (not shown) demonstrated that each was identical
to the BALB/c prototype germ line sequence for the first 50
positions, with the exception of a single framework substitution
in the 6G6 L chain.

When an assessment is.made of the CBA H chain sequences
(Fig. 2) it can be seen that 6F9 and 7C6 differ only at positions
95 and 100a. These two residues are at the junctions of
Vy—diversity (Dy;) and Dy—joining (J;;) segments, and the dif-
ferences are likely due to alterations in the recombination sites
between the appropriate segments. With the exception of po-
sition 95, these two sequences differ from the BALB/c T15
germ line V; segment sequence at four positions (14, 16, 40,
and 44) and are identical to that of C3. C3% is a PCho-binding
myeloma protein of C57BL allotype that appears to represent
an allelic form of the T15 V,; segment (29). The identification
of the C57BL type sequence in CBA is in agreement with pre-
vious structural (28) and serologic (33) analyses describing the
segregation of these polymorphic forms. The two CBA proteins
have identical Dy; segments, which differ from those found in
T15 and C3, and also use the J1 segment found in all other
PCho-binding H chains previously reported. Therefore, CBA
and C57BL express the same apparently allelic form of the
BALB/c¢ T15 V, gene and demonstrate the conservation of this
V4 gene in inbred mice.

The third CBA H chain, 6G6, differs from the T15 V,; and
C3 Vy; segments at 17 and 20 positions, respectively (Fig. 2),
and is apparently not derived from either the T15 V; or C3 V,
genes. A comparison of the 6G6 V4 sequence with the deduced
amino acid sequences of the three functional genes belonging
to the T15 V, family of BALB/c mice (13) indicates that the 6G6
Vy segment is not identical to any of these (Fig. 34). The T15
Vy family in BALB/c mice is comprised of four genes desig-
nated VI (VT15), V3, V11, and V13. VT15 translates exactly into
the T15 V; segment and V3 is a pseudogene which, by defi-
nition, is not expressed. V11 and V13 are =85% homologous
to the VT15 gene. The 6G6 Vi, segment differs from the V11-
and V13-encoded amino acid sequences at 7 and 14 positions,
respectively, and more closely resembles the V11 amino acid
sequence-than that of VT15, indicating that a second Vy gene
can encode the H chains of anti-PCho antibodies. In fact,

§ The C3 myeloma protein originated in CBB22, a congenic strain de-
rived by introgressively backcrossing the immunoglobulin H chain con-
stant region, C (color), and B (black) loci of C57 onto the BALB/c
background.
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FiG. 2. Complete V region sequences of CBA H chains compared to C3 (C57BL origin) and T15 (BALB/c origin) H chains. Residues in paren-
theses were tentatively identified. Open parentheses indicate an unidentified amino acid. Numbering is from ref. 27.

although it has been concluded that essentially the entire
BALB/c anti-PCho response is generated from the VT15 gene
(13), the H chain of one PCho-binding hybridema protein of
BALB/c origin, HPCG15 (12), expresses three linked amino
acids characteristic of the V11 and V13 genes and also appears
to be the product of a second V; gene: Thus, at least two Vy
genes in both strains can encode anti-PCho V segments. The
6G6 protein has been shown to bind PCho and several PCho
analogues (34), indicating that H chains encoded by this V, gene
exhibit similar specificity to those encoded by the VT15 gene.
The 6G6 Vy; segment may be the product of a gene allelic to
the V11 gene of BALB/c mice or, alternatively; it may be the
product of an additional gene belonging to this V, family.

For the purposes of the following discussion, we have as-
sumed that the V,; gene families encoding the response to PCho
are similar in BALB/c and CBA/J mice. This assumption is sup-
ported by (i) the essentially identical amino acid sequences of
the L chains from these two strains and (ii) the close homology
between the T15 V; (BALB/c) and the 6F9 and 7C6 Vi, (CBA/
]) segments, as well as the V11 (BALB/c) and 6G6 (CBA/]) V4
segments of their respective strains. Based on the above ob-
servations, we have concluded that 6G6 is likely to be coded
for by the BALB/c V11 homologue in CBA/]. When 6G6 is
compared to the V11-encoded sequence (Fig. 3A), seven sub-
stitutions are observed. Three of these, occurring at positions
19, 53, and 95 of the 6G6 V,; segment are not found in any
member of this V,; family. Because these substitutions require
only. single base-pair changes at the DNA level, they are pos-
sibly the result of point mutations in the germ line, as it has been
shown that IgM proteins rarely demonstrate somatic point mu-
tations (12-14). Therefore, the substitutions observed in 6G6
are likely either to be encoded in the germ line or to arise by
somatic events other “han point mutation. The alanine for as-
partic acid substitution at position 95 of the 6G6 V; segment
alternately may be generated by variation in the Vy-Dy re-
combination site. The four remaining substitutions in the 6G6
Vg segment at positions 24, 49, 50, and 82b are also encoded
at these positions in other members of this V,; family. Several
possibilities exist to explain this observation. First, the four

shared substitutions may have arisen by point mutations. Be-
cause the probability is extremely low that four independent
point mutations would occur in the 6G6 V;; gene to generate
the same amino acids present in other members of the T15 V,
gene family, we consider this to be an unlikely explanation.
Therefore, alternative mechanisms, such as gene recombination
or gene conversion, may be responsible for these substitutions.

Generation of the 6G6 Vy segment from other members of
this family by gene recombination requires a complex series of
events such as that illustrated in Fig. 3A. Beginning at the
amino-terminal end and not including the three unique sub-
stitutions, the 6G6 sequence is identical to the V11 amino acid
sequence, up to position 24, at which point an alanine is sub-
stituted for the threonine encoded by the V11 gene. Because
alanine is encoded by the V13 gene, a crossover to the V13 gene
at this position is required to generate the 6G6 sequence. The
6G6 amino acid sequence is then identical to the V13-encoded
sequence to position 40, at which the proline found in the 6G6
sequence is not encoded by the V13 gene. Proline is found at
position 40 in the V11 amino acid sequence, and a second cross-
over back to the V11 gene would be required to generate the
observed 6G6-amino acid sequence. Four additional crossover
events as depicted in Fig. 3A would be necessary to produce
the “shared” amino acids found in the 6G6 sequence. Thus, to
generate the 6G6 Vi amino acid sequence by gene recombi-
nation, at least six crossovers between three or more genes
would be required without altering the reading frame. Because
this mechanism necessitates such a complex series of recom-
binations within a single V,; gene, we feel it is also an unlikely
explanation.

A third explanation for the generation of the 6G6 sequence
is the occurrence of gene conversion. Gene conversion is a
mechanism whereby two closely related genes interact in such
away that all or part of the DNA sequence of one becomes iden-
tical to that of the other. Conversion can occur between genes
on the same chromosome, homologous chromosomes, or non-
homologous chromosomes (reviewed in ref. 35). Conversion has
been described in yeast (36—-39) and recently has been sug-
gested to occur among mammalian genes to account for the
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Fic. 3. (A) Comparison of 6G6 Vy sequence to the BALB/c anti-PCho Vy; family. Arrows represent one of several possible pathways required
for assembly of 6G6 from the PCho-Vy family by multiple somatic recombination events. X at position 47 in the V3 sequence represents a stop codon.
(B) Schematic representation of gene conversion events occurring during the generation of 6G6. 6G6 is most homologous to V11. At four of the
positions (24, 49, 50, 82b) where differences were observed between 6G6 and V11, the substituted amino acid was found to be encoded by other
members of the PCho-Vy family, as indicated by vertical arrows representing postulated conversion events.

maintenance of homology between members of a multigene
family (40). In relation to immunoglobulins, aspects of gene
conversion have been included in recombination models ad-
dressing diversity in k L chains (20). Schrier et al. (41) proposed
gene conversion to have occurred between the immunoglobulin
constant region y2a and ¥2b genes of BALB/c mice and also
have interpreted the homology between the yI and y2b genes
of BALB/c mice observed by Miyata et al. (42) to be the result
of gene conversion. The four amino acid substitutions in the
6G6 V; segment at positions 24, 49, 50, and 82b, where the
substituted amino acids are found to be encoded by other mem-
bers of the T15 V,, gene family (Fig. 3A), can be explained read-
ily by gene conversion (Fig. 3B). In this instance, conversion
appears to have occurred between three members of the T15
Vy gene family to create the 6G6 V; gene sequence. Thus, the
6G6 sequence provides evidence for possible conversion among
Vy gene families. From the present data, it cannot be deter-
mined whether the presumed conversion has occurred somati-
cally or among germ line genes because this process can occur
at either meiosis or mitosis. This question is being approached
by isolation and sequence determination of the germ line V11
gene of CBA/J origin. It should be noted that gene conversion
also may be responsible for generating the observed amino-ter-
minal H-chain sequence of the BALB/c hybridoma protein

HPCGI15 (12). The Vi segment of this H chain does not appear
to be the product of the VT15 gene and more closely resembles
V11 and VI3 gene products. HPCG15 is not identical to the
amino acid sequence encoded by either but does contain amino
acids characteristic of both, suggesting, as in the case of 6G6,
the occurrence of gene conversion. It should be emphasized
that, in both examples (6G6 and HPCG15), it is possible that
the observed sequences were derived from an as yet uniden-
tified germ line gene(s) that contains elements of the various
members of this V;; gene family. Even if this were the case, the

- “unidentified” gene(s) expressing these “mixed” sequences

would have had to be generated by conversion or complex re-
combination processes such as those described above.

Gene conversion has recently been suggested (35) to account
for the conservation of immunoglobulin framework regions de-
scribed by Kabat et al. (43). These conserved stretches of se-
quence were originally proposed to be encoded by a series of
minigenes that are assembled somatically. Although this hy-
‘pothesis proved to be correct for the D and J regions, there is
no evidence that the remainder of the variable region is assem-
bled from minigenes. Baltimore (35) has postulated that the
conservation of framework segments observed in the remainder
of the V region may have arisen by gene conversion and fur-
thermore that families of closely related V genes can be main-
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tained over long periods of time by this process. The potential
conversion described for the 6G6 V; segment differs from that
suggested above in that it does not involve entire framework
regions. For example, conversion appears to have occurred be-
tween the V11 and V13 genes within the first framework region
to generate the alanine at position 24 of the 6G6 Vy; segment
(Fig. 3B). There are other amino acids characteristic of the V13-
encoded amino acid sequence at positions 5, 16, and 23 (Fig.
3A), also in the first framework region, that are not present in
the 6G6 V; segment. Similar examples are found in the second
and third framework regions as well. Therefore, the conversion
described here for the 6G6 Vi segment is limited to short
stretches of sequence and does not extend to entire framework
segments as would be necessary to explain the assortment de-
scribed by Kabat et al. (43).

Gene conversion potentially adds interesting facets to the
diversity exhibited by the multigene immunoglobulin family.
If the process occurs during differentiation, structural diversity
can be generated by the production of “hybrid” molecules ex-
pressing segments encoded by several related genes, as may be
the case for 6G6. It should be cautioned that the amount of func-
tional diversity, in terms of antibodies with altered binding
specificity, is likely to be considerably less than the structural
diversity generated by conversion, in that substitutions such as
those in 6G6 which occur in framework regions are not likely
to affect antigen binding. However, we previously have shown
that in certain instances substitutions in framework regions may
alter antigen binding (15). If gene conversion occurs in the germ
line, at least two quite different end results may be obtained.
First, as at the somatic level, new structures may be generated
that will, in turn, be maintained in the germ line. Second, gene
conversion in effect may compensate for mutations occurring
during evolution. Because mutation appears to be the major
force in evolution, the accumulation of such events “drives” a
given gene sequence to continual change. Gene conversion in
multigene families such as the immunoglobulins may provide
a mechanism for “correcting” such mutations by restoring se-
quences strongly selected for, and presumably important in,
survival. The observation of gene conversion in immunoglob-
ulin V regions thus provides an additional mechanism contrib-
uting to antibody diversity and also potentially serving to con-
serve sequences in related families during evolution.
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