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ABSTRACT Most cells in the well-known pre-B-lympho-
cyte line 18-81 have correctly assembled genes for both alleles
at the immunoglobulin heavy chain locus. Only one allele is
"active"; the other, "silent" allele contains an amber termina-
tion codon. The rate of reversion of this amber codon was de-
termined to be 0.3_1 x 10-4 per cell generation. This high rate
is termed hypermutation.

Higher vertebrates can synthesize a vast number of antibody
molecules that are formed by combining immunoglobulin
heavy (H) and light (L) chains, each of which bears one out
of a vast number of variable (V) regions. In the germ line,
there are no complete genes for the Ig chains, only gene seg-
ments. At the H chain locus in the mouse, there are ca. 100
VH, ca. 20 diversity (DH), and 4 joining (JH) gene segments.
In pre-B-cells, an H chain gene has been formed by joining
together one gene segment of each type (reviewed in ref. 1).
Thus, there is a large combinatorial diversity, and further
diversity is generated by variations in the precise points of
juncture. But this is not enough, and it is generally accepted
that somatic mutation, probably point mutation, must also
contribute to the diversity of antibody molecules (reviewed
in ref. 1). However, it is not known whether somatic muta-
tions are selected from among those that arise at the "nor-
mal," spontaneous rate or whether the mutation rate, for the
immunoglobulin loci at least, is increased at some period
during the ontogeny of B lymphocytes. If there is hypermu-
tation, it is not clear whether it is driven by antigen-hence
limited to B cells-or whether it is independent of antigen-
hence possibly acting before the B-cell stage. Here we report
measurements of a mutation rate that lead us to conclude
that there is hypermutation in the pre-B-cell line 18-81.

Cells of the pre-B-cell line 18-81 synthesize only H chains
(2, 3), which can be detected only in the cytoplasm. The L
chain loci are usually in the embryonic configuration; that is,
their gene segments have not been joined to form functional
L chain genes (4). The line is diploid for chromosome 12 (3),
which carries the H chain locus (5, 6). In both homologous
chromosomes, the V, D, and J gene segments have been cor-
rectly joined to form H chain genes (7). Since the H chain
alleles contain either JH2 or JH3 (7, 8), we call the alleles V2
and V3, respectively (9). The cells of the 18-81 line usually
produce H chains encoded by the V3 allele only (4, 7, 8),
because the V2 allele contains an amber nonsense codon in
the D segment (10) that prematurely terminates translation.
During culture, some cells switch from synthesizing ,u heavy
chain to y2b heavy chain (4). In the y2b-producing cells,
DNA sequences, including the C. gene segment that was
previously expressed, have been deleted (4). A few of the
cells that produce y2b chain also produce ,u chain (3), which,

in this case, is encoded by the usually silent allele (8).

MATERIALS AND METHODS
Compartmentalization Test. Single cells were distributed

into microtiter plates at limiting dilution (0.15 cell per well)
without feeder cells. The medium was supplemented with
hybridoma growth factor (11) to support the growth of single
cells. When the clone had reached the size of 2-3 x 103 cells,
the cells were harvested and assayed for cytoplasmic u chain
by immunofluorescence (3). The immunofluorescent intensi-
ty of the positive cells was high and very uniform, both with-
in and between clones.
DNA Sequencing. DNA from the hybridoma

H3.3.1.1.83.13 was isolated and digested with the enzyme
EcoRI. A 2.4-kilobase (kb) fragment was cloned into the
phage X1150. A 0.4-kb BamHI-EcoRI fragment containing
most of the VH, DH, and JH2 segments was subcloned into
phage M13 vectors mp8 and mp9 (12), and both DNA strands
were sequenced as described by Sanger et al. (13).

Cell Fusion. Clone A3.2 was fused with the myeloma
Ag8653 as described (3).

RESULTS AND DISCUSSION
Reversion of a Termination Codon Allows Expression of the

Usually Silent Allele. There are several ways in which the
arrest of translation due to the amber codon might be over-
come: (i) recombination (either reciprocal or "conversion"),
(ii) reading through the stop codon during translation ("sup-
pression"), or (iii) mutation either by an in-frame deletion or
by reversion to a codon specifying an amino acid. To decide
among these possibilities, we determined the nucleotide se-
quence of the V2 allele in the subclone H3.3.1.1.83.13 (Fig.
1), which produces both y2b and A chains (8). We found that
the termination codon TAG present in the D gene segment of
the V2 allele in the 18-81 pre-B-cell line had changed to the
codon TAC (specifying tyrosine) in the double-producing
subclone (Fig. 2). We also found another mutation in the VH
gene segment: at triplet position 42, the codon GAG in the
germ-line VH gene segment (14) that was used in creating the
V2 allele had changed to GAA in the cell producing both y2b
and A chains. The V2 allele of the 18-81 line could not have
been exchanged, because restriction fragments containing
the V2 allele are the same in the parental line and in the vari-
ant, double-producing subclone. Furthermore, the codon
TTG at triplet position 47 is diagnostic for this particular VH
gene segment (14).
While the preponderance of evidence leads us to believe

that the reversion is the result of point mutation, we cannot

Abbreviations: H, heavy; L, light; V, variable; D, diversity; J, join-
ing; C, constant.
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FIG. 1. Genealogy of subclones and hybridomas derived from
the Abelson virus-transformed line 18-81. Abelson virus-trans-
formed cells are designated "A" and their hybridomas, "H." The
heavy chains produced by the lines are given below the subclone
designation. V2 and V3 are the variable regions of the heavy chains.

completely rule out a mechanism involving close double ex-
change (either reciprocal or "conversion"). Comparing our
sequence of the intron downstream from (i.e., 3' to) the JH2
segment to the sequence determined by Newell et al. (29),

30 CCT TCC CAT GAC ATG TCT TGG GTC CGC AAG

40 ACT CCG GAA AAG AGG CTG GAG TTG GTC GCA

50 GCC ATT AAT AGT GAT GGT GGT AGC ACC TAC

60 TAT CCA GAC ACC ATG GAG AGA CGA TTC ATC

70 ATC TCC AGA GAC AAT ACC AAG AAG ACC CTG

80 TAC CTG CAA ATG AGC AGT CTG AGG TCT GAG

90 GAC ACA GCC TTG TAT TAC TGT GCA AGA CAT
b100 GAC TAC TAT GGT AAC TTC TGG GGC CAA GGC

110 ACC ACT CTC ACA GTC TCC TCA GGT GAG TCC

120 TTA CAA CCT CTC TCT TCT ATT CAG CTT AAA

130 TAG ATT TTA CTG CAT TTG TTG GGG GGG AAA

140 TGT GTG TAT CTG AAT TTC AGG TCA TGA AGG

150 ACT AGG GAC ACC TTG GGA GTC AGA AAG GGT

160 CAT TGG GAG CCC TGGC CTG ATG CAG ACA GAC

170 ATC CTC AGC TCC CAG ACT TCA TGG CCA GAG

180 ATT TAT

FIG. 2. Partial sequence of the V2 allele of hybridoma
H3.3.1.1.83.13. Triplets are numbered as described by Yancopoulos
et al. (14). Triplets of interest are underlined: a, germ-line and 18-81
triplet is GAG (14); b, 18-81 triplet is TAG (10); c, BALB/c triplet is
TAG (29).

there is yet a third change at triplet position 164 from TAG to
TGG (Fig. 2). We do not know whether this difference is the
result of a mutation in the history of the 18-81 line or of sub-
strain differences in the BALB/c mouse strain from which
the 18-81 cell line arose.
Rate of Reversion. Although we did not determine at which

point in the history of the 18-81 subclones the codon GAG
changed to GAA, the reversion of the amber termination co-
don is easily localized-it must coincide with the expression
of g chain from the usually silent V2 allele. In cell lines that
produce either no H chain or a y2b chain encoded by the V3
allele, rare variants that synthesize u chain encoded by the
V2 allele can be determined by immunofluorescence micros-
copy. Most of the clones that have switched to y2b chain
production also contain ,u chain-producing cells at a frequen-
cy of about 0.5% when the clone reaches a size of -5 x 107
cells (8). This frequency was usually maintained after repeat-
ed subcloning of the 'y2b chain-producing clones.
Using a compartmentalization test (15), we have deter-

mined the mutation rate for two independent subclones,
A3.2.2 and A3.43 (Fig. 1). Two subclones that arose from
preexisting mutants in the population, one from A3.2.2 and
one from A3.43, were grown to higher cell numbers, and
their u chains were analyzed by NaDodSO4 gel electropho-
resis. The ,u chain produced by these subclones was identical
in position and amount (as determined visually) with that
produced by A3.3.1.1.
The clones that did not arise from preexisting mutants

were subjected to the following analysis. The average num-
ber of mutational events per well, m, is given by

em = NOIN,

where N is the number of wells in an experiment and No is
the number of wells with no revertants.
The number of mutational events per cell per generation,

M, is then given by

M = m/2C,

where C is the number of cells per well (15). When the num-
ber of cells varies considerably from well to well, it is possi-
ble that the use of an average value for C might lead to an
erroneous estimate. To avoid this, we define

Mi = 2 MCI,

and

pi = 1-emi

where mi is the expected number of mutational events in a
well with Ci cells, q, is the probability that this well has no
mutant clones, and pi is the probability that there are one or
more mutant clones.
The likelihood of obtaining the observed experimental re-

sults is then
i=N-No j=No

L= pi,ppI qi.
il j=l

Taking logarithms and differentiating, we get

alnL i=N-No j=No

M= Z 2Ciqi/pi- > 2C3,Oam i=-i=

where the subscript i refers to single wells with one or more
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Table 1. Mutation rate measurements

Subclone

A3.43 A3.2.2

Total wells 48 88
Positive wells, no. 27 10
Negative wells, no. 21 78
Cells per well, no. 3396 1938
Cells per positive well, no. 3557 2635
Cells per negative well, no. 3189 1849
Maximum likelihood estimate of
mutation rate M per cell
generation 1.3 x 1o-4 3.2 x 10-5

mutant clones and the subscript j refers to wells with no re-
vertants. The maximum likelihood estimate of the mutation
rate M is obtained by setting Q to zero. Although no closed
form solution is possible, the equation Q = 0 is easily solved
on a digital computer by using a binary search algorithm.

Since most mutational events at each of the three base
pairs in the amber codon should lead to a detectable rever-
sion, we divide the rate M from Table 1 by 3 to get the muta-
tion rate per base pair per cell generation; this rate is 4.2 x
l0-5 for clone A3.43 and 1.1 x 10-5 for clone A3.2.2.

Clone-Size Distribution and the Delay of Gene Expression.
In Fig. 3 we present a Luria plot of the distribution of mutant
clone sizes. The distribution curve deviates somewhat from
the theoretically expected line (16); there are relatively too
few clones of size 1. Obviously, small clones would be more
subject to losses during the experimental procedure, but we
do not think that such losses are an important source of er-
ror. Another reason for the deviation is the finite multiplic-
ity; that is, many of the wells must contain revertants that
arose from more than one mutational event. The deficit in
small clones probably also results from phenotypic lag-i.e.,
a delay in gene expression. If there is a delay of a generation
or so between the time when the mutation occurs and the
time when sufficient H chain has accumulated to be detect-
able by immunofluorescence, the mutation rate per base pair
per cell generation could be up to twice as high as our esti-
mate.
The Case for Hypermutation. The mutation rate in the D

gene segment of the V2 allele in the pre-B-cell line 18-81
should be compared to some "normal" or control mutation
rate. Unfortunately, as far as we are aware, there are no di-
rect measurements of mutation rates per base pair per gener-
ation in mammals, much less in cell lines of BALB/c mice.

0.5-

0.01
1 2 4 8 16

n

FIG. 3. Luria plot of the distribution of mutant clone sizes. The
abscissa is the clone size, n; the ordinate is the frequency with which
clones of size n or greater are found. Both scales are logarithmic.
The points are data pooled from both experiments described in Ta-
ble 1. The broken line is the theoretical distribution of Luria (16).

Nevertheless, it is clear that V2 reverts at an extraordinarily
high rate.

In yeast, mutation rates are of the order of 10-8 per codon
per generation (15). The yeast genome is several orders of
magnitude smaller than that of the mouse. But the larger the
genome, the smaller the mutation rate must be; otherwise, a
stable wild-type sequence could not be maintained. Natural
selection cannot work when all offspring are multiply mu-
tant. Therefore, we argue that the rate in the mouse can be
no higher than 10-9 per base pair per generation. On the ba-
sis of the population genetics of hemoglobin variants in man,
it has been concluded that the spontaneous mutation rate is
10-9 to 10-8 per base pair per organism generation (17); thus,
the rate per base pair per cell generation must be <10-9.
Rates of spontaneous mutation to resistance to the lethal ef-
fect of ouabain have been measured in mouse cell lines: 5 x
10-8 per cell generation in a pre-B-cell line and 6 x 10-9 in a
thymoma line by R. C. von Borstel (18). These rates were
determined for a whole gene-that is, mutations at an unde-
termined number of nucleotide sites give rise to the observed
phenotype. Thus, these data are consistent with 10-9 as an
upper limit for the rate per base pair. This rate is lower by a
factor of 10,000 than the rate of 10-5 that we measured for
the V2 allele of the 18-81 cell line.
The proximate cause for the hypermutation in this cell line

we call the "immunoglobulin mutator system." The mutator
system could be a special enzyme complex that actively
causes mutations (19). On the other hand, it could act by
deactivating the error-correction and error-free repair sys-
tems that normally function in eukaryotic cells, in which
case the high error rate of DNA polymerase would be suffi-
cient to cause hypermutation. But if hypermutation results
solely from generalized suppression of error-correction and
of repair, the mutator system must act on the entire genome.
Experiments are underway to define the scope of action of
the mutator system.
The Immunoglobulin Mutator System Also Acts in Cells

That Have Not Switched in H Chain Class Production. A few
years ago, it was suggested that somatic mutation only oc-
curs in cells that express an H chain different from ,g chain
(20, 21). Since then, variant g chain V regions that result
from somatic mutation have been reported (22). The muta-
tion rates given above were determined in cell clones pro-
ducing y2b chain derived from the usually active allele.
However, we also did compartmentalization tests with sub-
clones A3.8 (4) and A3.13, both of which have lost the V3
gene segment, but still contain both C,. alleles. The mutation
rates for these two clones were both >10-5 per base pair per
generation (data not shown). Thus, hypermutation can occur
in cells that have not switched in H chain class production.
Nevertheless it could be argued that the action of the muta-
tor is coupled to the enzymatic activity catalyzing the H
chain class switch and that these enzymes are present in all
the cells of the 18-81 cell line.
The Immunoglobulin Mutator System Is Not Active in a My-

eloma and Its Hybridomas. Several workers have failed to
find V region variants at high frequency in myeloma and hy-
bridoma proteins (23-26), although there exists one case
where the mutator system may still be active (27). To deter-
mine whether the mutator system is active at the plasma cell
stage, we fused subclone A3.2, a y2b chain producer (Fig. 1),
with myeloma Ag8653, which does not produce any Ig chain.
Of 20 hybridomas, 18 produced y2b chain alone, and 2 pro-
duced no H chain (4). The rate of H chain synthesis, the
steady-state level of H chain in the cytoplasm, and the
steady-state level of mRNA specific for this H chain are the
same as in plasma cell hybridomas (9, 28). Some of the hy-
bridomas also produce K chain and secrete complete Ig mole-
cules. We screened a total of about 2 x 106 cells (from clones
that had been expanded to at least 5 x 108 cells) by immuno-
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fluorescence and did not detect any cells producing ti chain.
In one of the hybridomas, H32.1 (Fig. 1), we established that
mRNA specific for A chain was transcribed (unpublished
data), so an active u chain gene must still have been present.
Therefore, we conclude that the mutator system is not active
in a myeloma and its hybridomas.
The 18-81 cell line and its subclones are quite unstable ge-

netically, but their hybridomas are as stable as any other cell
lines. Indeed, we were able to sort out the stages of differen-
tiation that cells of these lines go through only by generating
hybridomas at each stage, thereby fixing the genetic and
physiological state (3, 4). In addition to deletions involved in
the switch in H chain class production, 18-81 subclones ac-
cumulate deletions, particularly in the major intron (i.e., be-
tween JH and C,). The frequency with which these deletions
arise is so great that DNA mapping by Southern blotting may
be misinterpreted (7). It is our impression that deletions oc-
cur much less frequently in the hybridomas. We speculate
that these events are related to the immunoglobulin mutator
system. In any event, it seems obvious that there are limits
to the stability of any cell line with an active mutator system.

We thank Gabriele Beck-Engeser, Eleonor Lindstrom, JuttaMey-
er, and Maria Tenkhoff for technical help. The fluorescent antisera
to A and y2b chain were gifts from John Kearney (Birmingham, AL).
The hybridoma growth factor was a gift of Lucien Aarden (Amster-
dam). We are indebted to Gilian Air for helpful discussion, to Ken
Marcu, Richard Pink, and Stephen Fazekas for critical reading of
the manuscript, and to Christa Brugger for typing it. A.v.G. is sup-
ported by the Riksforeningen mot Cancer of Sweden. The Basel In-
stitute for Immunology was founded and is sponsored by F. Hoff-
mann-La Roche & Co. Ltd. (Basel, Switzerland).

1. Tonegawa, S. (1983) Nature (London) 302, 575-581.
2. Siden, E. J., Baltimore, D., Clark, D. & Rosenberg, N. E.

(1979) Cell 16, 389-396.
3. Burrows, P. D., Beck, G. B. & Wabl, M. R. (1981) Proc. Natl.

Acad. Sci. USA 78, 564-568.
4. Burrows, P. D., Beck-Engeser, G. B. & Wabl, M. R. (1983)

Nature (London) 306, 243-246.
5. Hengartner, H., Muller, E. & Meo, T. (1978) Proc. Natl.

Acad. Sci. USA 75, 4494-4498.
6. Meo, T., Johnson, J. P., Beechey, C. V., Andrews, S. J., Pe-

ters, J. & Searle, A. G. (1980) Proc. Natl. Acad. Sci. USA 77,
550-553.

7. Alt, F. W., Rosenberg, N., Casanova, R. J., Thomas, E. &
Baltimore, D. (1982) Nature (London) 298, 325-331.

8. Wabl, M. R., Beck-Engeser, G. B. & Burrows, P. D. (1984)
Proc. Natl. Acad. Sci. USA 81, 867-870.

9. Wabl, M. R. & Burrows, P. D. (1984) Proc. NatI. Acad. Sci.
USA 81, 2452-2455.

10. Alt, F. W., Rosenberg, N., Enea, V., Siden, E. & Baltimore,
D. (1982) Mol. Cell. Biol. 2, 386-400.

11. Aarden, L., Lansdorp, P. & de Groot, E. (1984) in Lympho-
kines, eds. Schreier, M. H. & Smith, K. A. (Academic, New
York), Vol. 10, in press.

12. Messing, J. & Vieira, I. (1982) Gene 19, 269-276.
13. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. NatI.

Acad. Sci. USA 74, 5463-5467.
14. Yancopoulos, G. P., Desiderio, S., Paskind, M., Kearney,

J. F., Baltimore, D. & Alt, F. W. (1984) Nature (London) 311,
727-733.

15. von Borstel, R. C., Cain, K. T. & Steinberg, C. M. (1971) Ge-
netics 69, 17-27.

16. Luria, S. E. (1951) Cold Spring Harbor Symp. Quant. Biol. 16,
463-470.

17. Vogel, F. (1970) in Chemical Mutagenesis in Mammals and
Man, eds. Vogel, F. & Rohrborn, G. (Springer, Heidelberg),
pp. 16-68.

18. von Borstel, R. C., KohIer, G., Potash, M. J. & Steinberg, C.
(1981) Annu. Rep. Basel Inst. Immunol. 10, 27.

19. Brenner, S. & Milstein, C. (1966) Nature (London) 211, 242.
20. Gearhart, P. J., Johnson, N. D., Douglas, R. & Hood, L.

(1981) Nature (London) 291, 29-34.
21. Bothwell, A. L. M., Paskind, M., Reth, M., Imanishi-Kari, T.,

Rajewsky, K. & Baltimore, D. (1981) Cell 24, 625-637.
22. Rudikoff, S., Pawlita, M., Pumphrey, J., Mushinski, E. & Pot-

ter, M. (1983) J. Exp. Med. 158, 1385-1400.
23. Milstein, C., Adetugbo, K., Cowan, N. J., Kohler, G., Secher,

D. S. & Wilde, C. D. (1977) Cold Spring Harbor Symp. Quant.
Biol. 41, 793-803.

24. Secher, D. S., Milstein, C. & Adetugbo, K. (1977) Immunol.
Rev. 36, 51-72.

25. Kohler, G. & Shulman, M. J. (1980) Eur. J. Immunol. 10, 467-
476.

26. Dildrop, R., Bruggemann, M., Radbruch, A., Rajewsky, K. &
Beyreuther, K. (1982) EMBO J. 1, 635-648.

27. Cook, W. D., Rudikoff, S., Giusti, A. & Scharff, M. D. (1982)
Proc. Natl. Acad. Sci. USA 79, 1240-1244.

28. Haas, I. G., & Wabl, M. R. (1984) Proc. Nat!. Acad. Sci. USA
81, 7185-7188.

29. Newell, N., Richards, J. E., Tucker, P. W. & Blattner, F. R.
(1980) Science 209, 1128-1132.

482 Genetics: Wabl et aL


