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ABSTRACT Hypermutation at the Ig loci is confined to
the area between the promoter and the intronic enhancer,
which includes the rearranged variable region gene segment.
We identified factors that contribute to the site-specificity at
the heavy chain locus. We found that distance from both the
promoter and the intronic enhancer is crucial in hypermuta-
tion. The presence of the enhancer is required, and, in contrast
to its definition for transcriptional activity, its effect is
orientation-sensitive.

Of the mutator phenotypes in mammalian cells hypermutation
in activated B lymphocytes (1-7) is one of the most intriguing
ones. Unlike, for instance, in the cases of colorectal cancer cells
(8) or Werner syndrome cells (9), the mutational activity at the
Ig locus is site specific, i.e., it is directed exclusively to the
variable (V) region and its flanking sequences of either of the
Ig light (L) or heavy (H) chain. But there is no specific
sequence in the V regions that attracts hypermutation (10).
Because the majority of mutations are found between the
promoter and the intron enhancer (11), it was concluded that
these two elements are important. Indeed, the promoter
apparently is required (12, 13), but it need not to be an Ig
promoter (14, 15); what matters is the distance from it (13).
These findings, and the observation that often there is strand
polarity in the distribution of the point mutations, led to the
conclusion that it is the transcriptional process that drives
hypermutation.

Enhancers traditionally have been defined as elements that
increase transcription in an orientation-independent way.
However, since their original discovery in mammalian cells
(16, 17), many other functions have been attributed to these
sequences, including even repression (18). At the k L-chain
locus, the intron enhancer was found to be needed for a high
rate of mutation (14), and a broad correlation between trans-
gene expression and mutation was observed (19). But its mode
of action is unknown.

The assessment of the function of the H intronic enhancer
in hypermutation has posed a more difficult problem. In
transfection experiments (16, 17) and in transgenic mice (20)
this element is clearly needed for regular-level transcription.
Furthermore, deleting this enhancer in the germ line affects
VuDJy rearrangement (21).

Our finding that we can replace the Ig promoter with the
thymidine kinase (tk) promoter linked to the simian virus 40
(SV40) enhancer for in vitro hypermutation (15) provided an
opportunity to study the role of the intronic H enhancer in the
18-81 cell line, independently of its role to sustain transcrip-
tion at the regular level. The 18-81 line faithfully reproduces
features of hypermutation in vivo, such as site specificity and
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differentiation stage specificity (22-28). Also, as in mice
(29-32) and in humans (33), the RGYW base sequence
constitutes a hot-spot motif (34), although another suggested
motif, the TAA sequence (29), does not (34), which may or
may not reflect a difference between in vivo and in vitro. At any
rate, we have termed the generator of mutations in the 18-81
cell line the GC mutator, as it clearly acts preferentially on the
G within the RGYW motif (28, 34).

In this report we wanted to know whether in vitro mutability
is dependent on the distance from the promoter; whether or
not the major intron enhancer is needed for hypermutation at
the H-chain locus and, if so, whether or not its action is
distance- and orientation-independent.

MATERIALS AND METHODS

Plasmid Constructions. All constructs are based on the
plasmid ptk-VC-3'K (15). For the construction of plasmid
p'E-del the 1-kb Xbal-Xbal fragment containing the large
intron enhancer was excised from plasmid ptk-VC-3'K; for
plasmid p-E-inv the same 1-kb Xbal-Xbal fragment was re-
cloned into the original site, and a clone with inverted orien-
tation was selected; for plasmid p-no-3'K the two 3’k enhancers
were excised; and to generate plasmid p-E-shift the 1-kb
Xbal-Xbal fragment of plasmid pno-3’K was excised and
recloned into the Xhol site 3’ of the membrane exons. To
generate plasmid p+500 the Snal-Snal intronic sequence
fragment (475 bp) from the MICA gene (35) was excised and
cloned into the EcoRV site of plasmid ptk-VC-3'K, located
between the L1 and L2 exon.

Detection and Quantification of Mutants. Plasmids were
transfected into clone 18—81.AM (36). The copy number in our
system is usually one, and sometimes two, as assessed with
Southern blot analysis of the individual clones. The transfec-
tants were subcloned at limiting dilution, and the subclones
were grown to 103 cells, spun onto a slide, ethanol-fixed, and
rehydrated in PBS + 1% BSA. The slides were stained with
fluorescein isothiocyanate-conjugated goat anti-mouse IgM
antibody (Fisher), washed thrice for 10 min in PBS, and
p-producing, immunofluorescent revertants were counted.

Calculation of Mutation Frequencies. For each plasmid, the
median frequency of revertants was calculated for each of the
curves in the appropriate panel of Fig. 3. For those curves in
which the frequency of cultures with zero revertants was
greater than 50%, a value of <1 X 107> was used.

Reverse Transcription—-PCR. For beta-actin cDNA primers
actin-s, AATCCTGTGGCATCCATGAAAC, and actin-as,
ACGCAGCTCAGTAACAGTCCG, were used. The cDNA
was obtained by a standard procedure using Superscript II
(GIBCO/BRL) and then was subjected to 38 cycles in a

Abbreviations: V, variable; L, light; H, heavy; tk, thymidine kinase;
SV40, simian virus 40.
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thermal cycler, with each cycle consisting of 20 sec at 94°C, 20
sec at 62°C, and 30 sec at 72°C. The PCR product has a size of
348 bp. For the p-chain cDNA primers V81X, GAAGAG-
GCTGGAGTTGGTCGCAG, and Cu4 REV, CACACT-
GATGTCTGCAGGAGAGAAGC, were used. The PCR am-
plification reaction on cDNA was done with 40 cycles, each 1
min at 94°C, 1 min at 68°C, and 3 min at 68°C, yielding a 1.3-kb
DNA product. In both cases one-tenth of the final PCR
product was run on an ethidium bromide containing agarose
gel.

RESULTS AND DISCUSSION

For the studies in vitro, we introduced an indicator Ig w
H-chain gene into the mutator-positive cell line 18-81 by
stable transfection (28); as a result of an amber termination
codon (TAG), translation is terminated prematurely, and p
H-chains are not expressed (Fig. 1). On reversion of the
termination codon in the transfected gene, expression of
full-length w protein chains can be detected by immunofluo-
rescence; as the host cell line has lost both endogenous w chain
alleles, any n chain synthesized must have been encoded by the
transfected w chain gene. In all plasmids, the Ig promoter is
replaced by the tk promoter. For full hypermutation, the
plasmids also contain a 3’ k enhancer (15).

Distance from the Promoter. If the promoter is the 5’
boundary for hypermutation and transcription is important for
the process, then increasing the distance from the promoter
without changing the distance from a putative 3’ element may
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FiG. 1. Plasmids to monitor mutator activity. The VDJ exon
encoding the V region is functionally rearranged but no w chain is
expressed because of a TAG termination codon within the D segment.
The 3’ k enhancer is added to the minimal u gene, and the Ig promoter
has been replaced by the tk promoter. tk, tk promoter; VDI, V region
segment; Hyp, large intron enhancer, Cu, constant region exons; 3'K,
3’ k enhancer.
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result in a lower mutation frequency. Previously, we found that
moving the hot-spot motif upstream, and thus nearer to the
promoter, but further away from the intronic H enhancer
resulted in a decreased mutation frequency (34). However,
such a result also could be interpreted that the RGYW motif
is a minimal motif only.

We inserted into the standard plasmid ptk-VC-3'K (driven
by a tk promoter/SV40 enhancer) (Fig. 14) between the L1
and L2 exon a 500-bp stuffer to generate plasmid p+500 (Fig.
1B), in which the V region is thus moved further away from the
promoter. As for all other plasmids described below, cells of
the line 18—81 were transfected, 4-5 independent transfec-
tants were subcloned, and the frequency of revertants express-
ing pu H-chain was determined for 25 subclones for each
transfectant. In all revertants the fluorescence intensity was
similar (not shown); and the steady-state mRNA expression
levels in the transfectants were similar, as determined by
reverse transcription—PCR analysis, regardless of the particu-
lar type of construct (Fig. 2). A subclone with an endogenous
w gene containing a stop codon had a comparable state level
(Fig. 2, 1ane 23), whereas no ucDNA was amplified in the clone
that was used for transfections and lacked a u gene (Fig. 2, lane
22). The mutation results were plotted as cumulative distri-
butions of revertant frequencies in Fig. 3. From the plots, the
median revertant frequencies for each plasmid were estimated,
and the median of the plasmid medians are given in Fig. 3 and
listed in Fig. 1 as the “mutation frequency.” Standard plasmid
ptk-VC-3'K (Fig. 1A4) is the reference plasmid, which previ-
ously showed full hypermutability at 4 X 10~* (15); we have
repeated the mutation frequency measurement for the present
study with a new transfectant, and found it to be 3 X 10~* (Fig.
34). We thus average it at 4 X 10~%. In comparison, plasmid
p+500 (Fig. 1B) mutated at a frequency of approximately two
orders of magnitude lower (Fig. 3B). Thus we conclude that the
GC mutator is sensitive to the distance from the promoter.
That distance from the promoter is an important factor in
hypermutation has been shown in vivo (13), which adds
another striking similarity between the in vivo process and the
effect of the GC mutator, as defined in vitro.

p-chain
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beta-actin

M A pEinv pEdel
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1 2345 67 B 9 101112131415 16 17 1819 20 21 22 23

FiG. 2. Steady-state levels of u mRNA in cells transfected with
various constructs, as determined by reverse transcription-PCR. (Up-
per) Expression of mRNA encoding u chain in clones transfected with
various constructs, marked at the top of the photographs. M, marker.
A, clone transfected with ptk-VC-3'K, which has been derived and
evaluated for this study, in addition to the three evaluated previously
(15). B, untransfected 18—81 subclone 4.3 lacking Cp. C, subclone with
endogenous u gene containing a stop codon. (Lower) Expression of
mRNA encoding 3 actin in clones transfected with various constructs.
Three or four independent transfectants for each construct (except A
and C) shown.
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Cumulative distribution of reversion frequencies for the plasmids tested. The plasmids used for transfection were: (4) ptk-VC-3'K, (B)

p+500, (C) p-E-del, (D) p-E-shift, (E) pno-3’'K, and (F) p-E-inv. Horizontal axis: frequency of revertants (u-producers) on a logarithmic scale.
Vertical axis: fraction of cultures, in percent on a linear scale, with that frequency or less of revertants. In this graphic representation of quantitation
of mutants the unit step in a curve represents a given culture, and each curve represents one transfectant, from which the cultures were derived.
The 4-5 transfectants (curves) shown per construct resulted from independent transfection events. Plotting the cumulative frequencies rather than
the frequencies themselves avoids the “gaps” that are caused by fluctuation and lead to a contiguous curve.

Intronic H Enhancer as a cis Element for Hypermutation.
Aswe can replace the Ig promoter by the tk promoter (15), just
as in vivo (14), the specificity-determining element(s) may be
located in the major intron. It is probable, but not certain, that
this element is located 5’ to the S, switch region, because
switched cells continue to mutate. In analogy to the large
intron k enhancer this points to the H enhancer. To assess the
role of the major intron enhancer, we generated four different
plasmids, in which we changed the context of the enhancer. For
the first one we introduced into the standard plasmid a 1-kb
Xbal-Xbal fragment deletion, which contains all elements of
the H enhancer, to produce plasmid p-E-del (Fig. 1C). This
deletion caused the mutation frequency to drop by two orders
of magnitude (Fig. 3C). Therefore, the intronic H enhancer is
necessary for hypermutation at the H locus.

The question arises whether the effect of the enhancer is
dissociated from its conventional role as a transcriptional
enhancer. Because in our constructs the tk promoter is linked
to the SV40 enhancer, lack of the intronic H enhancer is not
likely to decrease regular-level transcription. Indeed, the

steady-state mRNA level (Fig. 2), and, therefore, likely the
transcription rate, seems to be no different for the constructs
with or without the H enhancer. Importantly, the revertant
clones showed the same fluorescence intensity for all the
constructs. Thus, although transcription may be a prerequisite
for hypermutation to occur (19), the intronic H enhancer
functions in hypermutation apparently not or not exclusively
via enhancing transcription.

Position of the H Enhancer. Given that the H enhancer is so
important, is its function position-independent, as is the case
for transcriptional enhancement? To answer this question, we
moved, in plasmid p-E-shift, the H enhancer 3’ to the C region,
replacing there the 3'K enhancer (Fig. 1D). [We could not
leave the 3'K enhancer in its place, because in such a construct
the close proximity of the two enhancers can cause antihyper-
mutation (15).] The mutation frequency in construct p-E-shift
was decreased to 1 X 107> (Fig. 3D). This decrease corre-
sponds to a drop by one order of magnitude when compared
with either the standard plasmid, which contains the 3’k
enhancer (with 4 X 107%), or to a 7-fold decrease, when
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compared with the one of plasmid p-no-3'K (Fig. 1E), at 7 X
10~ (Fig. 3E). In turn, the frequency of plasmid pno-3'K is
almost the same as the 6.7 X 107 for the plasmid pVC-SV40,
which has the Ig promoter, the large intron enhancer and the
SV40 enhancer 3’ to the Cu (15). Although we have not
studied yet how the SV40 enhancer at the promoter site
influences the mutation rate, we have shown previously that an
additional enhancer (of any kind) is required for full hyper-
mutation of the minimal w transgene, which is fully transcribed
without such an enhancer. The fact that p-no-3'K and
pVC:SV40 have the same number of enhancers and close
mutation rates indicates the reliability of our method. At any
rate, moving the H intronic enhancer from its original place
causes the mutation frequency to drop 7-fold. We conclude
that mutability is also a function of the distance from the H
enhancer.

Orientation of the H Enhancer. As mentioned above, the
effect on transcription is independent of the orientation of the
enhancer in respect to the promoter. But the requirement for
the H enhancer in hypermutation apparently is not caused by
its effect on transcription. Thus it is possible that hypermuta-
tion is sensitive to the enhancer orientation. If one views the
promoter and enhancer not only as apparent, but also as
functional boundaries for hypermutation, one may expect the
enhancer to confer orientation to the hypermutation process.
To test this we inverted the Xbal-Xbal fragment including the
H enhancer of the standard construct to generate p-E-inv (Fig.
1F). For this plasmid the mutation frequency is an order of
magnitude lower than the one in the standard plasmid (4 X
1073; Fig. 3F). Because the steady-state mRNA level (Fig. 2),
and, therefore, likely the transcription rate, is no different
from the construct with the H enhancer in the original
orientation, this finding confirms the notion that the H en-
hancer functions in hypermutation not or at least not exclu-
sively via enhancing transcription. Barring the possibility that
we have disrupted a cis-acting sequence or separated two such
sequences it also indicates that the H enhancer gives, in a yet
unspecified way, a direction to hypermutation.

Conclusion. In conclusion, distance from the promoter is
crucial in hypermutation at the H locus. The presence of the
H enhancer is required; but its effect is orientation- and
distance-sensitive, which ipso facto contrasts with its conven-
tional definition. Our findings also bring us one step further in
our goal to assemble the minimal cis-acting elements in a
cassette, which on transfection into the 18—81 cell line allows
hypermutation of any gene that it contains.
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