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ABSTRACT The S107 myeloma cell line expresses the
germ-line sequence of the T15 antiphosphocholine (P-Cho)
antibody, which is the major antibody made by BALB/c mice
in response to P-Cho, either on a variety of bacterial polysac-
charides or when attached to a protein carrier. We have
previously reported that a somatic mutant of the S107 cell line
produces an antibody that has lost the ability to bind P-Cho and
has acquired binding for double-stranded DNA. This antibody
has a substitution of an alanine for a glutamic acid at residue
35 in the heavy chain variable region. We now show that this
amino acid substitution is due to a single A-C transversion,
which is the only nucleotide change in the heavy and light chain
variable regions. Further, it appears that this change is due to
somatic mutation rather than to gene conversion.

Studies carried out over the last decade have revealed that a
great deal of antibody diversity comes from the availability of
multiple germ-line variable (V) region genes and their ability
to rearrange to any one of a small pool of diversity (D) and
joining (J) region elements for heavy chains and multiple J
elements for light chains (1). Further diversity is generated by
variations in the recombination sites between these elements
and the introduction of N sequences not encoded in the
germ-line between germ-line elements during gene rearrange-
ment (1). The recent comparison of the sequences of many
monoclonal antibodies with what appear to be the relevant
germ-line V region sequences has led to the conclusion that
even further sequence diversity is generated somatically in
already rearranged and expressed V region genes as B cells
progress from the primary through the secondary immune
response (2-11). It was initially thought that most of this
somatic diversification was caused by some form of hyper-
mutation (3). However, recurring uncertainty about the
actual number of germ-line V region genes (12) and proven
examples of gene conversion (13, 14) and V region replace-
ment (15-17) have raised some question about the impor-
tance of point mutations in generating antibody diversity.'
Whatever the genetic mechanism of sequence diversity,

libraries of closely related monoclonal antibodies, all reacting
with a single antigen, should reveal the structural basis of the
changes in affinity and fine specificity that occur during the
immune response. Unfortunately, most monoclonal antibod-
ies differ from the germ line and from each other by many
amino acid substitutions (2-11). In contrast, most somatic
mutants generated from cultured antibody-forming cell lines
have only a single amino acid substitution and thus provide
an excellent opportunity to evaluate the structural basis of
changes in antigen binding.
We have previously reported that the S107 cell line

spontaneously and frequently generates variant subclones

that produce antibodies with single amino acid substitutions
in the heavy chain V region (18-20). One such somatic
mutant, U4, is of particular interest because, associated with
a single amino acid substitution in its heavy chain V region,
it has lost the ability to bind phosphocholine (P-Cho) and at
the same time acquired the ability to bind double-stranded
(ds)DNA (21). In this paper we describe the molecular
characterization of the U4 mutant and show that its changes
in specificity and affinity are due to a single base change in
the heavy chain V region.

MATERIALS AND METHODS
Cell Lines. The S107.3.4 (S107) cell line has been described

(18). It was derived from a BALB/c myeloma tumor and
continues to secrete an IgA K-chain antibody of the T15
idiotype that binds P-Cho and has the germ-line sequence of
the T15 VH1 heavy chain and VK22 light V regions (22). The
U4 mutant arose spontaneously in tissue culture (20). Both
cell lines were maintained in suspension in an atmosphere of
8% CO2 and air at 370C in Dulbecco's modified Eagle's
medium (H-21, GIBCO) supplemented with 10% fetal calf
serum.
Immunoassays. To compare the ability of S107 and U4 to

react with antiidiotypic antibodies, competition assays were
carried out. AB1 is a mouse monoclonal anti-T15 antibody
kindly provided by John Kearney (University of Alabama
Medical School). Its binding to S107 is inhibited by P-
Cho-bovine serum albumin (23). Rabbit antibody reactive
with the P-Cho binding site of S107 was prepared as de-
scribed by Claflin and Davie (24). ELISA plates were coated
with 50 ,d of S107 protein (10 ,ug/ml), washed, and blocked
with 1% bovine serum albumin in phosphate-buffered saline
(PBS). Concentrations of the monoclonal or polyclonal
antibodies that bound 80-100% of the available S107 sites on
the plate were preincubated with various concentrations of
S107 or U4 proteins for 2 hr at room temperature. Fifty
microliters of each sample was added to duplicate wells
coated with S107 and incubated for 1 hr at 370C. The amount
of the bound AB1 was determined by using an alkaline
phosphate-conjugated anti-mouse IgG antiserum (Zymed
Laboratories, Burlingamne, CA), and the bound rabbit anti-
binding site antibody was measured by using an enzyme-
linked anti-rabbit IgG antiserum (Zymed Laboratories). Op-
tical densities were read at 405 nm.
The relative binding of U4 and S107 to P-Cho was deter-

mined by incubating 50 ul (10 ,g/ml) ofP-Cho-bovine serum
albumin (4.9 mol ofP-Cho per mol of bovine serum albumin)
with ELISA plates and blocking with bovine serum albumin.
Increasing amounts of purified antibody were incubated in
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duplicate wells for 2 hr at room temperature and washed, and
the amount of IgA bound was determined with an enzyme-
linked anti-IgA antiserum (Zymed Laboratories).

Nucleic Acid Sequencing. The sequence of the S107 and
most of the U4 heavy chain V region, including the A-C
transversion that distinguished U4 from S107, was initially
determined by dideoxy sequencing of cDNA cloned into
M13. Poly(A)+ mRNA was primed with a 15-base-pair (bp)
oligonucleotide (5' TGGGTAGATGGTGGG 3') homologous
to the CH1 domain and cDNA was prepared using reverse
transcriptase (Life Sciences, St. Petersburg, FL) (25, 26).
The second strand was synthesized using the Klenow frag-
ment of polymerase I (Bethesda Research Laboratories).
After gel filtration on Sephadex G-50 (Pharmacia) and ethanol
precipitation, the cDNA was digested into two approximately
equal-sized fragments with Mbo II, which also removes the
5' untranslated region and the hairpin loop. The Mbo II
fragments were treated with polymerase I (Bethesda Re-
search Laboratories) to eliminate the 3' OH and then blunt-
end-ligated into HincII-cut M13mp8 with T4 ligase. M13 was
transfected into JM103 and white plaques containing the
desired inserts (27) were identified by filter hybridization with
a T15 VH region probe (28). Single-stranded DNA was
prepared from purified and amplified plaques and the inserts
were sequenced by the dideoxy method of Sanger and
Coulson (29) using a 15-bp mp8M13 oligonucleotide primer
(27).
The heavy chain nucleic acid sequence was confirmed and

completed and the light chain was sequenced from mRNA.
Total mRNA was extracted with guanidinium thiocyanate
and purified on a CsCl gradient (30). Poly(A)+ mRNA was
then isolated by passage over an oligo(dT)-cellulose column
and eluted with low salt. Subsequent sequencing reactions
were carried out according to Geliebter et al. (31). Twenty
micrograms of poly(A)+ mRNA was hybridized to 0.1 ,ug of
32P-labeled oligonucleotides. The oligonucleotides used are
illustrated in Figs. 1 and 2. JKS was primed with a 23-bp
oligonucleotide, 5' AGCACTTTTCAGCTCCAGCTTGG 3',
and the sequence was continued with the V region oligonu-
cleotide 5' AGGGACCCCAATGTATC 3'. The same strat-
egy was used for sequencing the heavy chain VDJ regions of
U4 and S107 using three oligonucleotides: 5' CH1 domain-
specific oligonucleotide (5' TGGGTAGATGGTGGG 3');

U4-specific oligonucleotide (5' GCGGACCCACGCCATG-
TAGAA 3'); and an S107-specific oligonucleotide (5' GC-
GGACCCACTCCATGTAGAA 3'). Following priming with
the above oligonucleotides, the extension reaction was car-
ried out using reverse transcriptase (Life Sciences) in the
presence of dNTPs and terminated with dideoxy NTPs (29,
31). The sequence was then resolved on a 6% acrylamide gel.

Southern Blot Hybridization. High molecular weight DNA
was isolated from S107 and U4 cells and BALB/c liver. The
DNA was digested with BamHI and separated by agarose gel
electrophoresis. The DNA was transferred to GeneScreen
(New England Nuclear) and hybridized with a 21-bp oligo-
nucleotide specific for the U4 sequence (5' GCGGAC-
CCACGCCATGTAGAA 3') under conditions described by
Zeff et al. (32).

RESULTS

We have described the detection ofthe U4 mutant of S107.3.4
by the immunoplate assay (20). It was one of a few variant
subclones of S107 that arose at spontaneous frequencies of
0.01% or higher and had decreased ability to bind P-Cho (18).
It continued to secrete large amounts of polymeric IgA whose
heavy and light chain's electrophoretic migration and cova-
lent and noncovalent assembly were indistinguishable from
the parent. The amino acid sequence of its heavy chain V
region revealed a single amino acid substitution of an alanine
for a glutamic acid at residue 35 of the first hypervariable
region (20). Furthermore, antigen binding studies revealed
that U4 protein had not only lost the ability to bind P-Cho but
also acquired the ability to bind dsDNA, phosphorylated
protamine, and cardiolipin (21). Since this reactivity pattern
resembles that of autoantibodies found in patients with
systemic lupus erythematosus and mice with lupus-like
syndromes (33, 34), and the in vitro mutants could provide a
model for the role of somatic mutation in autoimmunity, we
have examined the U4 protein and the molecular basis of
these changes in more detail.
The nucleic acid sequence of the coding region of the U4

heavy chain was determined by sequencing cDNA directly
from mRNA. S107 was sequenced simultaneously as a
control. As can be seen from Fig. 1, the only base change in
the coding region of the heavy chain V region is a single A-C

S107 TGTCCCMTCTTCACATTCAGAAATCAGCACTCAGTCCTGTCACTATGAAGTTGTGGTTAAACTGGGTTTTTCTTTTAACACTTTTACATGGTATCCAGT

U4

Si07~~~~~~~~~~~~~~~~~~~~~~~ V
S107GTGAGGTGAGCTGGTGGATCTGGAGGAGGCTTGGTACAGCCTGGGGGTTCTCTGAGACTCTCCTGTGCACTTCTGGGTTCACCTTCAGTGU

U4

Iloo i HV2
$107 CATGGAGTGGGTCCGaAGCCTCCAGGGAAGAGACTGGAGTGGATTGCTGCAAGTAGAAACAAAGCTAATGATTATACAACAGAGTACAGTGCATCTGTG

Glu
U4 -(GCG)

Ala

(100)

(200)

(300)

S107 AGGGTCGGTTCATCGTCTCCAGAGACACTTCCCAAAGCATCCTCTACCTTCAGATGAATGCCCTGAGAGCTGAGGACACTGCCATTTATTACTGTGCAA (400)

U4

S107 GAGATTACTACGGTAGTAGCTACTGGTACTTCGATGTCTGGGGCGCAGGGACCACGGTCACCGTCTCCTCAGAGTCTGCGAGA(l500ACCATCTACCC*(S00)

U4
FIG. 1. Nucleic acid sequence of the heavy chain V region of the parent S107 and variant U4. Oligonucleotide primers used to sequence

are indicated by the boxed-in sequences.
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K - HV1-
S 107A GACATTGTGATGACTCAGTCCCAACTTTCCTTGCTGTGACAGCAAGTAAGAAGGTCACCATTAGTTGCACGGCCAGTGAGAGCCTTTATTCAAG

U4

I I HV2 -
S 107A CAAACACAAGGTGCACTACTTGGCTTGGTACCAGAAGAAACCAGAGCAATCTCCTAAACTGCTGATATACGGGGCATCCMC$ATACATTGGG

U4

S 107A GTCCCATCGCTTCACAGGCAGTGGATCTGGGACAGATTTCACTCTGACCATCAGCAGTGTACAGGTTGAAGACCTCACACATTATTACTGTG

U4

S107A CACAGTTTTACAGCTATCCTCTCACGTTCGGTGCTGGGA8CGCTGGAGCTGAAGTGC«ATGCTGCACCAACTGTATCCATCTTCCCACC

U4

FIG. 2. Nucleic acid sequence of the light chain V region of the parent S107A and variant U4. The boxed-in regions indicate the
oligonucleotide sequences used as primers.

transversion in the triplet that encodes residue 35 in the first
hypervariable region. Thus, the nucleic acid sequence con-
firms the earlier protein data that the heavy chain V region of
U4 differs from S107 only by the substitution ofan alanine for
a glutamic acid at residue 35. Further, it shows that there are
no silent base changes in the heavy chain V region. The
presence ofthis A-C transversion has been further verified by
RNA transfer blot analysis of parental S107.3.4 and U4
mRNA with wild-type- and mutant-specific oligonucleotides
(data not shown).

Previously published chain recombination experiments
suggested that the loss of P-Cho binding was due to the
change in the heavy chain and not the light chain (20). This
was confirmed by sequencing the mRNA ofthe U4 light chain
V region. S107 expresses equal amounts oftwo very different
light chains (35). However, only the S107A light chain
assembles to the heavy chain and is secreted. This light chain
contains JK5, so an oligonucleotide specific for J5 was used as
a primer to selectively sequence the S107A V region and half
of the J region. As can be seen in Fig. 2, the sequence of the
U4 light chain is identical to that of the parent. Since the J5
oligonucleotide hybridizes to the S107A messenger under
stringent conditions, we can assume that the 3' end of J also
has the wild-type sequence. This confirms that the amino acid

1.0 _

o- o S107.3.40.8 -

E
0.6 -

10

0.2 - U4

<6_*_s1 w 3129
0.0006 0.003 0.016 0.08 0.40 2.0 10.0

iLg/mI

FIG. 3. Direct-binding ELISA of increasing concentrations of
S107- (o), U4- (e), and W3129- (A) purified protein to P-Cho-bovine
serum albumin-coated plates. The amount ofbinding was determined
by using anti-mouse IgA enzyme-linked antiserum and is expressed
in optical density (OD) units at 405 nm. W3129 is an anti-dextran
myeloma protein that does not bind P-Cho.

substitution at residue 35 of the heavy chain is solely
responsible for the change in affinity and specificity of U4.
Based on the three-dimensional structure of the P-Cho

binding site of the McPC 603 protein, Davies and his
colleagues suggested that the glutamic acid at residue 35 of
the heavy chain V region plays an important electrostatic and
conformational role in P-Cho binding (36). We have attempt-
ed to evaluate the impact of this change serologically. We
cannot detect any P-Cho binding by equilibrium dialysis.
However, U4 will bind to P-Cho-bovine serum albumin in a
direct binding assay if highly substituted carrier is adsorbed
to an ELISA plate and large amounts of U4 protein are
incubated with the plate. A comparison of U4 and S107.3.4
binding is shown in Fig. 3. Thus, U4 retains some ability to
react to P-Cho attached to a protein carrier.

In addition, we have compared the reactivity of the
parental S107.3.4 protein with U4 using a variety of T15-
specific antiidiotypic reagents. Eight different rat monoclonal
antibodies that react with either heavy chain framework
residues or conformational determinants requiring heavy and
light chains (37) do not distinguish between U4 and S107.3.4
(data not shown). In addition, monoclonal and polyclonal
antibodies that react with various parts of the binding site do
not distinguish between U4 and S107.3.4. Examples of two
such antibodies are shown in Figs. 4 and 5. In Fig. 4, a
monoclonal antibody, AB1, whose binding to S107 is inhib-
ited by P-Cho conjugated to bovine serum albumin, but not
by P-Cho alone (23), was examined in a competition assay for
the ability of S107.3.4 and U4 to inhibit its binding to plates
coated with S107.3.4 protein. In Fig. 5, reactivity of S107.3.4
and U4 with a polyclonal rabbit anti-binding site antibody
was studied in a similar fashion. Neither distinguishes be-
tween the parental and mutant proteins. This suggests that
the dramatic changes in P-Cho affinity and the acquisition of
binding to dsDNA by U4 is not associated with a major
conformational change in the antigen binding site.

Finally, we wished to determine if the single base change
in the heavy chain V region arose through somatic mutation,
gene conversion, or V gene replacement. The A-C transver-
sion is not present in any of the three other strongly
cross-hybridizing members of the T15 heavy chain V region
family (22). In an attempt to identify either another germ-line
V region gene that might have replaced VHl or a possible
donor sequence for gene conversion, a 21-base oligonucleo-
tide containing the single base change was synthesized and
hybridized to liver, S107.3.4, and U4 DNA. As already
noted, this oligonucleotide hybridizes on RNA transfer blots
to U4 but not to parental mRNA. As can be seen in Fig. 6,
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FIG. 4. Inhibition ELISA of S107 (A) and U4 (v) with an
anti-binding site monoclonal antibody, AB1. Purified S107 protein
was attached to ELISA plates and increasing amounts of S107 and
U4 were preincubated with 50%6 saturating amounts of AB1. The
amount of AB1 bound was determined by using an anti-mouse IgG1
enzyme-linked antiserum and is expressed in optical density units.

this mutant-specific oligonucleotide does not hybridize to
liver or S107.3.4 DNA but does hybridize to U4 DNA. Our
inability to identify a donor sequence suggests that the single
base substitution in the U4 V region arose by somatic
mutation rather than gene conversion.

DISCUSSION
The germ-line S107 (T15) V1 heavy chain V region gene is
rearranged to the DFL 16.1 D and JH1 gene segments to form
an antibody that reacts with P-Cho. This rearranged heavy
chain V region gene dominates the response ofBALB/c mice
to pneumococcal C polysaccharides and is an important
protective antibody against this and other endogenous bac-
teria (38). The results presented above show that a single
somatically generated base substitution in the already
rearranged and expressed heavy chain V gene can lead to a
dramatic change in the affinity and specificity of this impor-
tant antibody in the mouse.
A variety of data in the literature indicate that the glutamic

acid at residue 35 plays a crucial role in P-Cho binding. In the
course of their analysis of the three-dimensional structure of
the related McPC 603 anti-P-Cho antibody, Davies and

E

c0>

10o5 10-4 10-3 10-2 10-1
Inhibitor Concentration (pug/ml)

1.0

FIG. 5. Inhibition ELISA of S107 (o) and U4 (v) with an
anti-binding site polyclonal antiserum. Purified S107 protein was
attached to ELISA plates and increasing amounts of S107 and U4
protein were incubated with 50% saturating amounts of the polyclo-
nal antiserum. The assay was developed by using an anti-rabbit IgG
enzyme-linked antiserum and the amount ofinhibition was expressed
in optical density (OD) units. P-Cho (n) completely inhibited the
binding of the anti-binding site antibody to S107.

Probes. 35wt 35mt

FIG. 6. Southern blot analysis of BALB/c liver, parental S107,
and variant U4 DNA using an S107-specific oligonucleotide (A) and
a U4-specific oligonucleotide (B). The DNA was digested with
BamHI, transferred to GeneScreen, and hybridized under stringent
conditions. kb, Kilobases; wt, wild type; mt, mutant.

colleagues (36) suggested that the glutamic acid at residue 35
forms a hydrogen bond with the tyrosine at residue 94 in the
light chain to stabilize the choline moiety in the P-Cho
binding site. A survey ofmany P-Cho binding antibodies also
suggests the importance of the glutamic acid at residue 35
(39). This is confirmed by the fact that V11 and V13, the two
other very homologous members ofthe S107 V region family,
do not encode a glutamic acid at residue 35 (22) and have not
been observed to be responsible forP-Cho binding antibodies
in BALB/c mice.

It is of interest that the changes in affinity and specificity
in the U4 antibody are not associated with a major confor-
mational change. In fact, U4 is indistinguishable from the
parental S107 antibody when assayed with a variety of
anti-T15 antiidiotypic antibodies. Even monoclonal and poly-
clonal antibodies that react with the P-Cho binding site react
identically with U4 and S107.
The molecular basis of the U4 change is certainly somatic

since it occurred in an already rearranged and expressed V
region. Potential donor sequences were sought by hybridiz-
ing a mutant-specific oligonucleotide with S107 and BALB/c
liver DNA. No cross-hybridizing DNA was found. This
makes it unlikely that another germ-line gene that differs from
VH1 by the single A-C transversion rearranged into the VH1
site. In fact, neither the two other very homologous produc-
tive members of the S107 family nor the strongly cross-
hybridizing pseudogene contains this sequence. It is more
difficult to rule out gene conversion through a small donor
sequence embedded in an otherwise nonhomologous gene.
However, the presence of only a single base change and the
lack of a detectable donor sequence suggest that U4 arose
through somatic mutation rather than gene conversion.
The nature and occurrence of the U4 mutation show that

somatic diversification can occur in cultured antibody-form-
ing cells at a relatively high frequency. Previous efforts to
find V region mutants in some myeloma and hybridoma cell
lines have yielded constant but not V region mutants.
Rajewsky and his collegues (40) have identified V region
mutants at low frequencies of around 10-7. However, Wabl
and colleagues (41, 42) have shown that V region mutants do
occur in the Abelson B-cell line 18-81 at a rate of 10-5 per bp
per generation. The S107 myeloma cell line is a more
well-differentiated cell line than 18-81, suggesting that the
mechanism for somatic diversification of V regions may be
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active in the latter stages of B-cell differentiation as well as
in early B cells.
These studies also indicate that heavy chain V regions of

the S107 (T15) family can, as the result of a single base
change, undergo somatic diversification to become autoanti-
bodies. In fact, others have reported anti-DNA monoclonal
antibodies from (NZB/NZW)F1 autoimmune mice that are
encoded by members of the S107 heavy chain V region family
(43, 44). The serum of MRL/lpr and BALB/c mice also
contains anti-DNA antibodies of the T15 idiotype (44). These
findings also suggest that one or a few amino substitutions of
this and other heavy chain V regions can greatly increase the
antigen binding repertoire.
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