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The mechanism of somatic hypermutation in the variable region of immunoglobulin genes expressed in
mammalian B cells is a major unexplained phenomenon in the generation of diversity in the immune system.
To evaluate possible mechanisms, the distribution of somatic mutations was examined for a group of five
cloned, rearranged, somatically mutated V,, genes generated in C57BL/6j mice. These mutated V,, genes were
sequenced and compared with their germ line counterparts from a point approximately 550 base pairs
upstream of the transcription start site to an EcoRI site some 1,200 base pairs downstream of J;_,. The location
of the transcription start (cap) sites was also precisely determined. Most (=94%) of the 118 mutations scored
occurred between the transcription start site and the distal end of J,; ,. However, seven mutations occurred
upstream of the transcribed region, and at least four were found downstream of J,; ,. The target region for the
mutator mechanism therefore clearly extends into the 3’ nontranslated and 5’ nontranscribed regions. Thus,
models which propose the transcribed region of the DNA as the sole substrate for the mutation process are not
ruled out but are inadequate to explain the upstream distribution of somatic mutations.

The DNA sequences both within and flanking rearranged
antibody variable-region genes (V_ J. and VyDJy) ex-
pressed in B lymphocytes can mutate at a very high rate (14;
for recent reviews, see reference 28). This type of genetic
variation is termed somatic hypermutation to distinguish it
from the other more familiar processes of immunoglobulin
diversification, such as junctional diversity, combinatorial
recombination, and the association of fully assembled heavy
and light polypeptide chains.

The mechanism of hypermutation in mammalian B cells is
unknown, but several models have been proposed. These
can be segregated into those models in which the DNA is the
direct substrate for mutation (5, 8, 14, 17), including gene
conversion (26), or those in which the DNA becomes hyper-
mutable as a consequence of gene expression (i.e., transcrip-
tion-based models [41]). In the first type of model, the DNA
is mutated directly either via specific nicking and error-prone
repair enzymes (8, 14), through errors introduced by mis-
alignment of replicating DNA templates directed by inverted
or direct repeat sequences (17), or via localized amplification
of DNA replication which generates errors at the normal rate
but in greater number in a localized region (5). Alternatively,
the model invoking gene conversion envisages that sequence
information donated by other related genes is incorporated
by recombination into the rearranged V gene (26). However,
these DNA-based models do not state how the enzymes
display the specificity which limits the mutational process to
the DNA within and around rearranged V genes (41). Known
DNA polymerases also display a very high copying fidelity in
vivo (24, 31, 32). Thus, the DNA-based models also require
the presence of new enzymes with V-region specificity.

A second type of model based on gene expression ac-
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counts for many of the features of the somatic hypermuta-
tion process (41; E. J. Steele, J. W. Pollard, L. Taylor, and
G. W. Both, in E. J. Steele, ed., Somatic Hypermutation in
V-regions, in press). In brief, RNA polymerase and reverse
transcriptase create errors during the transfer of genetic
information via a DNA — RNA — DNA copying loop. The
mutated cDNA is then either integrated directly into the
normal chromosomal site for that allele or first subjected to
further cycles of transcription and reverse transcription on
the episomal cDNA element. Whatever the mutator mecha-
nism, long-lived memory B cells may be exposed multiple
times to the mutator process in the microenvironment of a
germinal center (25; A. L. M. Bothwell, W. Tao, and P. R.
Blier, in E. J. Steele, ed., Somatic Hypermutation in V-Re-
gions, in press; D. Gray, H. Skarvall, Y.-J. Lui, I. C. M.
MacLennan, and T. Leanderson, in E. J. Steele, Somatic
Hypermutation in V-Regions, in press).

Existing data indicate that somatic mutations appear lo-
calized to the rearranged V gene and its immediate tran-
scribed, noncoding regions (15, 18, 20, 22, 30, 39). They are
not found in constant region sequences (15) and are found
rarely in unrearranged germ line V genes (44). It is important
now to precisely define the distribution of somatic mutations
in and around rearranged V genes, particularly in the 5’
upstream region, because this will help to identify the target
region of the DNA and therefore influence ideas on the type
of mutational mechanism involved. In this work, we contrib-
ute to a better definition of this target region by comparing
DNA sequences of related sets of hypermutated Vi genes
with their germ line counterparts.

MATERIALS AND METHODS

Cloning and sequencing rearranged somatically mutated V;
genes. Genes derived from the V;186.2 germ line gene
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family involved in the anti-(4-hydroxy-3-nitrophenyl)acetyl
(NP) response in C57BL/6j mice (6) were cloned from DNA
isolated from hybridomas expressing their products (33, 34).
The coding region of these genes was partially sequenced
from the mRNA (10). The V4 genes from A6/24 and A20/44
are involved in the anti-idiotypic response (in C57BL/6j
mice) to VL186.2-containing anti-NP antibodies. These
genes are members of the V205.12 germ line gene family
and were also cloned from the DNA of hybridomas express-
ing these genes and sequenced through their coding regions
(34, 35). Maps of the V41186.2 and V;205.12 genes are shown
in Fig. 1. V4186.2 DNA clones 3B44, 3B62, and 40.3 were
provided as 4.2-, 4.2-, and 4.6-kilobase (kb) EcoRI fragments
in pUC19 (33, 40). The V4205.12 clones A20/44 and A6/24
were similarly obtained as 7.2-kb EcoRI fragments in
pBR328 and Agt WES:AB vectors, respectively (33). The
V186.2 inserts were excised with EcoRI and subcloned into
the plasmid vector Bluescribe M13(+) (Stratagene, San
Diego, Calif.) in the T3 orientation. Single-stranded DNA
corresponding to the complete plus strand of each clone was
rescued by using helper phage M13K07 (IBI, New Haven,
Conn.). Similarly, the 2.6-kb BamHI-EcoRI fragments en-
coding the entire VDJ regions from the V4205.12 clones
A20/44 and A6/24 were subcloned into Bluescribe M13(+),
and single-stranded DNA was prepared. Sequence data
further upstream of the BamHI site for these clones were
obtained by subcloning an overlapping 2.1-kb Bg/II-PstI
fragment into Bluescribe M13(—). Single-stranded DNA was
again rescued. All sequencing was carried out by using the
dideoxy method (38) and Sequenase (U.S. Biochemicals,
Cleveland, Ohio) or T7 DNA polymerase (Pharmacia, Upp-
sala, Sweden). Sequencing primers corresponding to newly
determined sequences were made by using an Applied
Biosystems model 380A synthesizer. Thus, the sequencing
strategy involved walking along the clones in segments of
approximately 300 to 350 bases (Fig. 1).

Amplification and cloning of germ line immunoglobulin
sequences from total liver DNA. C57BL/6j DNA was pre-
pared from the livers of several mice. Sequences that were
likely to be specific for germ line genes of the V;205.12
family were identified from the consensus sequence deter-
mined by us for the A20/44 and A6/24 clones. For polymer-
ase chain reaction (PCR) amplification of germ line DNA,
the 5’ primer was located 525 to 545 bases upstream and the
3’ primer lay 445 to 467 bases downstream of the cap site. To
facilitate cloning of amplified DNA, Sall and EcoRI sites
were also included at the S5’ end of the upstream and
downstream primers, respectively. The primer sequences
were (upstream) 5’ GCGGTCGACTCAGTATGTGACAGT
GACTAG 3’ and (downstream) 5’ GGAATTCAGAGTCCT
CAGATGGTCAGGCT 3'.

PCR amplification (37) was performed in a 25-pl reaction
mixture containing 100 ng of C57BL/6j DNA, 100 pmol of
each primer, 0.2 mM of each deoxynucleoside triphosphate
in 100 mM Tris hydrochloride (pH 8.3) at 25°C, 50 mM KCl,
0.01% gelatin, and 2 mM MgCl,. Reaction mixtures were
overlaid with paraffin oil and subjected to an 8-min denatur-
ation at 95°C, followed by slow cooling to 25°C. Taq poly-
merase (Cetus Corp.) (2 U) was added, and amplification
was performed in an IHB2024 (Cherlyn Electronics Ltd.,
Cambridge, United Kingdom) thermal cycler by five cycles
of denaturation at 95°C for 30 s, annealing at 50°C for 30 s,
and elongation at 70°C for 1 min. This was followed by 35
cycles of denaturation at 95°C for 30 s, annealing at 55°C for
30 s, and elongation at 70°C for 1 to 2 min. A further 2 U of
Taq polymerase was added after 20 cycles. On completion,
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the paraffin oil was removed by aspiration, and the samples
were extracted with ether before analysis of the amplified
product by electrophoresis on 1.5% agarose gels.

After electrophoresis, a gel slice containing the PCR-
amplified fragment was removed and the DNA was recov-
ered by electroelution. The fragment was purified by extrac-
tion with phenol-chloroform (1:1), chloroform, and ether and
recovered by precipitation with isopropanol. The amplified
DNA was then digested with the appropriate restriction
enzymes, repurified as described above, and ligated with
bacteriophage M13 DNA at an insert-vector molar ratio of
2:1. Ligation mixtures were transformed into Escherichia
coli JM101, and clear recombinant plaques were identified
by selection on 5-bromo-4-chloro-3-indolyl-B-p-galactopyran-
oside-isopropyl-B-p-thiogalactopyranoside minimal plates.
DNA from putative recombinants was analyzed by restric-
tion enzyme digestion to confirm that a fragment of the
appropriate size had been cloned.

Single-stranded templates prepared from recombinant
plaques were sequenced by the dideoxy method (38). Up-
stream sequences were obtained by using a DNA primer
which spanned the initiation codon of the V205.12 genes.
Sequences in the coding region were determined by using the
downstream PCR primer. -

Preparation of hybridoma RNA. Hybridoma cells were
grown in RPMI medium supplemented with 10% fetal calf
serum, 2 mM glutamine, and 5 X 10> M B-mercaptoethanol.
A total of 2 x 108 to 4 x 10® cells were harvested by
centrifugation, washed once with 5 ml of phosphate-buffered
saline, and the RNA was extracted by a modification of the
published method (9). Briefly, cells were homogenized in 7.5
ml of a solution consisting of 4 M guanidine isothiocynate,
100 mM sodium acetate, and S mM EDTA (pH 5.0). The
homogenate was layered over a 4-ml cushion of a solution
consisting of 5.0 M CsCl, 100 mM sodium acetate, and 5 mM
EDTA (pH 5.0) and subjected to centrifugation at 110,000 X
8avg for 18 h at 18°C. The RNA pellet was washed in 70%
ethanol, air dried, and dissolved in 0.35 ml of sterile H,O.
RNA concentrations were determined by measurement at
260 nM.

To ensure that the RNA was recovered intact, 10-pg
aliquots were subjected to 1% agarose gel electrophoresis in
the presence of formaldehyde as previously described (42).
The RNA was stained with ethidium bromide and visualized
under short-wave UV.

Location of cap sites by primer extension. The transcription
start sites for mRNAs encoding V4186.2 and V205.12
heavy chains were identified by determining the length of
cDNA transcripts synthesized, using the primers indicated
in the legends to Fig. 2 and Fig. 3. Total hybridloma RNA
isolated as described above was copied by avian myeloblas-
tosis virus (AMV) reverse transcriptase primed by oligonu-
cleotides complementary to known regions of the V186.2
and V205.12 mRNAs (7). The length of the cDNA products
was determined by analyzing the products on a gel in parallel
with DNA fragments of known size or a known nucleotide
sequence. The location of the start sites are considered
accurate to within one nucleotide.

RESULTS

Nucleotide sequences of related V; genes and their germ
line counterparts. The goal of this work was to define the
distribution of mutations within rearranged, hypermutated
Vy genes by comparing the sequences determined for re-
lated sets of genomic Vi gene clones with that of DNA
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FIG. 1. Arrangement of V genes in genomic clones derived
from hybridoma DNAs. 3B44, 3B62, and 40.3 are derived from the
Vy186.2 germ line gene. A6/24 and A20/44 are derived from the
V205.12 germ line gene. The clones were sequenced from the right
hand EcoRI (E) site to a point approximately 600 nucleotides
upstream of the transcription start (cap) site (see arrow). The
BamHI (B), BglII (Bg), and Ps:1 (P) sites used for subcloning are
indicated.

derived from liver. The genomic clones were isolated previ-
ously from hybridomas expressing hypermutated genes de-
rived from the V;186.2 (three clones 3B44, 3B62, and 40.3)
(10, 40) or the V4205.12 germ line genes (two clones A20/44
and A6/24 (34, 35). The origin of the clones sequenced is
described in Materials and Methods and the arrangement of
the genes they contain is shown in Fig. 1. For the coding and
upstream regions of the V;;186.2 set, the germ line sequence
was previously determined (6, 23). For the V;205.12 set, the
upstream region in the germ line sequence was amplified
from total liver DNA by PCR and sequenced. Similarly, a
1,900-base-pair portion of the downstream, germ line region
(downstream of J;; ,, bases 1,121 to 2922) was amplified by
PCR and sequenced.

Nucleotide changes in the 5'-flanking regions. Flanking (5')
and coding sequences for the V;186.2 and V4205.12 germ
line and hybridloma DNAs are shown in Fig. 2 and 3,
respectively. There are many nucleotide changes throughout
the coding regions which have been previously documented
(10, 34, 35, 40). In addition, five changes in 3B62 fell =375
base pairs upstream of the cap site (Fig. 2), and two changes
in A6/24 fell 21 and 73 base pairs upstream of the cap site
(Fig. 3).

The germ line counterpart of the functional Vy; genes in
hybridomas A6/24 and A20/44 was obtained by PCR ampli-
fication of the V4205.12 family in C57BL/6j liver DNA. A
total of 24 clones were partially or completely sequenced. Of
these, nine were considered to be representatives of the
germ line V;205.12 gene utilized in the hybridomas (see
below), but at least eight other Vi genes were obtained,
some of them more than once. Clones 1 through 7 (Fig. 4) are
representatives of the 5' regions of these V;205.12-related
genes. All these genes were clearly different in their coding
regions (data not shown) and markedly different in their 5’
noncoding regions. However, none of these germ line Vi
genes carried the 5’ upstream changes seen at bases 507 and
559 in A6/24. It is very likely therefore, that these represent
genuine somatic mutations.

In some cases, PCR-amplified clones differed from each
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other by only a single nucleotide. These changes were
scattered and were predominantly A/T-to-G/C transitions.
None of these occurred at base 507 or 559. We have
interpreted these as Taq polymerase-induced mutations (21,
37, 43). The V4205.12 germ line sequence (Fig. 3) is the
consensus from nine clones.

Nucleotide changes in the 3’-flanking regions. The down-
stream sequences determined for the V;186.2 and V4205.12
genes are shown in Fig. 5. The germ line sequence was not
determined beyond base 2869; however, the sequences of all
five clones were identical downstream of base 2,578 (Fig. 5).

In 11 clones, obtained by three independent PCR amplifi-
cations of total C57BL/6j liver DNA, two distinct sequences
in the germ line were obtained at bases 2611 and 2613 (Fig.
SA). Six of the clones had the sequence AGA, shown as the
germ line sequence (Fig. SA), and five had the sequence
GGG. We also observed these nucleotide differences at
similar frequency in clones from DNA separately amplified
by PCR from hybridoma 3D61 DNA (10) by using a primer
within J;, (5') and a primer spanning the Xbal site (3')
(position 2908, Fig. 5B). The sequence GGG is also found at
the same location in BALB/c DNA, although in the latter
other nucleotide differences from C57BL/6j are also appar-
ent (16, 19).

Determination of transcription start sites. Transcription
start sites were located by primer extension using reverse
transcriptase to copy mRNA isolated from the relevant
hybridoma cell lines. The size of the primer-extended cDNA
was estimated by comparing it with DNA fragments of
known size and sequence (Fig. 6A). To obtain an estimate
accurate to within one nucleotide, the cDNAs were also run
on a polyacrylamide sequencing gel adjacent to a known
nucleotide sequence (Fig. 6B). The cap sites are located 48
and 53 nucleotides upstream of the ATG start codon for the
V4186.2 and V4205.12 groups, respectively (Fig. 2 and 3).

Distribution of nucleotide changes. The mutational events
scored from the comparison of the hybridoma DNA se-
quences with the appropriate germ line sequences for these
two gene families totalled 118. Mutational events were
defined as either single-base substitutions, single-base dele-
tions, or complete codon deletions not attributable to N-re-
gion additions or junctional errors (nucleotide changes in-
cluded in the latter category were defined as those occurring
within 10 nucleotides on either side of the V-D and D-J
junctions). The incidence of mutation, expressed as a per-
centage, is plotted against the position in the gene (Fig. 7).
The cap sites represent a logical reference point about which
to align the sequences to compare the incidence of mutation
in transcribed and nontranscribed regions of the DNA.
Clearly, there is a sharp increase (>10-fold) in mutation
frequency on the 3’ side of the cap site compared with that
on the immediate 5’ side. This elevated level of mutation
ranged from 1 to 7% of bases sequenced and terminated
approximately 210 bases beyond J,;_, (Fig. 7).

Nature of the nucleotide changes in nontranslated flanking
regions. The types of nucleotide changes in nontranslated
introns and 5’- and 3'-flanking regions are summarized in
Table 1. Of 75 mutations scored within these regions, 50.7%
were transitions, 44% were transversions, and 5.3% were
single-base deletions. No base additions were observed.

DISCUSSION

In this work, we have systematically sequenced two
groups of somatically mutated V; genes and compared them
with their germ line sequences. The sequences in this work
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VH186.2

CATGACTTCT TGATGCAATA TTCTGTTGAC CCATACATAT ACATAATTTA TTTCTTCTGA TAATGCTGCA ATAATCAATC ATGTGTATAT GTTTCTGAGG TATGTTTTGT

TTCTTCTCCA GCAGGAGTAG GTGCTTATCT AATATGTATC CTGCTCATGA ATATGCAAAT CCTGTGTGTC TACAGTGGTA AATATAGGGT TGTCTACACG ATACAAAAAA

CATGAGATCA CTGTTCTCTT TACAGTTACT GAGCACACAG GACCTCACCA TGGGATGGAG CTGTATCATG CTCTTCTTGG CAGCAACAGC TACAGGTAAG
.T T

TAGCAGGCTT GAGGTCTGGA CATATACATG GGTGACAATG ACATCCACTT TGCCTTTCTC TCCACAGGTG TCCACTCCCA GGTCCAACTG CAGCAGCCTG GGGCTGAGCT
G.G - -
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TTGGAAGGAT TGATCCTAAT AGTGGTGGTA CTAAGTACAA TGAGAAGTTC AAGAGCAAGG CCACACTGAC TGTAGACAAA CCCTCCAGCA
A G

AGCCTGACAT CTGAGGACTC TGCGGTCTAT TATTGTGCAA GA.TTTATTA CTACGGTAGT AGCTAC

P

...... A--- ===.C.TGGTACTTCGATGTCTGGGGCACAGGGACGACGGTCACCGTCTCCTCA

1050 1060 1070 1080

D region JH1

FIG. 2. Nucleotide sequences of the 5’ nontranslated regions and adjacent coding sequences of the active VD], alleles from hybridomas
3B44, 3B62, and 40.3 compared with the V;186.2 germ line sequence (23; also see update in the EMBL data base). The published sequence
for the coding region of 3B44 (10) originally differed from our sequence at several positions. However, a recently published corrigendum (2)
is in complete agreement with our data. In codon positions 43 and 49 of 3B62 and position 13 of A6/24, the sequence determined by us differs
from the sequence determined by others (1, 10, 34). Symbols: ., identity with the germ line sequence; -, a gap relative to the germ line
sequence; |, likely splice sites; *, transcription start or cap sites; X, an unidentified base. The start codon, ATG, plus upstream promoter
elements are overlined (13, 29). The primer sequence used for cap site determinations was complementary to bases 816 to 834.

(except for the V,186.2 germ line sequence) were deter-
mined independently and compared with the previously
published sequences for the V-D-J and flanking regions (6,
10, 23, 34, 35, 40). At all but three sites, i.e., at codons 43
and 49 of 3B62 and codon 13 of A6/24 (see the legend to Fig.
2), the sequences agree with previously published work (1, 2,
10, 35). The close agreement between these two sets of data
confirms the accuracy of our data and renders negligible the
number of apparent mutations ascribable to sequencing
errors and cloning artifacts. In addition, there were only four
positions in approximately 18,000 bases sequenced at which
a base could not be identified from sequencing a single
strand.

An earlier literature survey of published murine and
human immunoglobulin gene sequences indicated that very
few mutations occurred 5’ to the region coding for the signal
peptide or leader sequence (41). Of a total of 121 mutational
events scored in this survey, four (or 3.3%) lay S’ to the
signal peptide region (22, 36) and one (0.8%) almost certainly
lay upstream of the cap site (20), i.e., =96% of mutational
changes occurred within the transcription unit (41). The

conclusions drawn were limited by the amount of sequence
data that was available for the region upstream of the leader
sequence of these mutated genes (a median value of only
~120 bases). In the present work, we have greatly improved
this situation by systematically sequencing at least 550 bases
5’ to the cap site for two groups of related, somatically
mutated V; genes and by locating transcription start sites.
The location of the cap sites determined for the mRNAs in
this study are consistent with those determined for other
immunoglobulin genes (13, 29) and for the V186.2 gene,
which was determined independently (3).

The distribution of the 118 mutational events established
here (Fig. 7) tentatively identifies the target region for
hypermutation which clearly extends into the 5’- and 3'-
flanking regions of these V genes. The distribution of
mutations here is similar to that described for 44 somatic
mutations documented earlier for the single V4 M167 gene
expressed in the phosphorylcholine-binding myeloma,
MOPC167 (22). However, in this study it was not determined
whether any mutations fell upstream of the transcription
start site.
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GERMLI“‘B/ E23E3 2222232222222 28
VH205.12 CTCTTTTGGT GACAATTTAA AACAGAATTT CAAAATCAGT ATGTGACAGT GACTAGTATA CTCTTAACAA TAATAAGTAA AAATTAAACA TTTTCCACAT CACATCCATG
A6/24 e teseetes seesesenes sesesesses sessassasa sessessese sesececses sassesenes seasesaces sasessases sessesases seessesan .
A20/44 Ceeeseease seeveceuce sssssteese essesesee e eessesesce sessececcs essssecsss saseasss e seesensese esseas
10 20 30 40 50 60 70 80 90 100 110
GERMLINE/
VH205.12 TCATTACTTT TCTCATTTGC CTTCTTCCTT ATCAACATAT GACTAAATTC TAATTAAGAC ATTAAATCTT TTTAAACTGC ACTTAGCTAA AGGGTATTTC CCTCATTATC
A6/24 f e teeeee seeesaeaas beeeeeiine saeeeecees sasssestee sassassees sesses fere eeeeeeiees seeaeeas e eeieeiees teresaaeas
A20/44 et eeeeens seeaeeseee teseiasaee tetesesens cessesesae sesseesene sasaans fhe teseeteses seeceenaes secnseaaes seen
120 130 140 150 160 170 180 190 200 210 220
GERMLINE/
VH205.12 ATCAGCATTA TCTTCATCAT CATCTTCATC TTCACAATTC ATTATCTGTA AATCAAAATG TGAACATAGC CCCAGAGTGA CAAAACAAAC TTAGGCCAAA CACAGATTGA
A6/24 e eteenene sesesesece sesesessss sesescesas sesesssece ssescsasee seeeesnese seessseses sessecises eesesesacs seecesense
A20/44
230 240 250 260 270 280 290 300 310 320 330
GERMLINE/
VH205.12 GAGATTTGTC CCTGTAGTTT CAAGAATACC AGCAGTGCAG GGCTCACAGA AAATGTATGG ATCCATTTCC TCAGAGAGTT ATTGGATTTG GACTAGACTA TCCTGCTGCT
A6/24 feeeeteees sisesaeeas seteiasens saesessens sesseseses sesssseees sesans
A20/44 e eeireee eieeeaaees e e eetsae eeeeseiees seetetenee seescaeees sasaseanns RN e eeeeieeeee ssseaeeaes seeeneaeas
340 350 360 370 380 390 400 410 420 430 440
GERMLINE/
vaios.lz TGACCTATGT ACCTTTAAGT CCTTCCTCTC CAGCTTTTCT TCATTCGGAT TGGTTATTAT ATACAAAGTC CCCTGGTCAT GAATAT AATACCTAAG TCTATGGTAG
A6/24 e c e eeseaneaes
A20/44 e et teene seeenenens sseseesues sasecanans sasesseene seseeecens sesssseste ceseseseee aeseseies sasenss
450 460 470 480 490 500 S10 s20 530 540 550
GERMLINE / .
VH205.12 CTAAAAACAG GGATATCAAC ACCCTGAAAA CAACATATGT ACAATGTCCT CACCACAGAC ACTGAACACA CTGACTCTAA CCATGGGATG GAGCTGGATC TTTCTCTTTC
A6/24 S N e teeteeeees sesasesene sessasenes sassenes e eeaiaeeees
A20/44 et teees teeeusesas setsesiane sasecenies sassesesns saaases
560 570 580 590 600 610 620 630 640 650 660
GERMLINE / | |
VH205.12 TCCTGTCAGG AACTGCAGGT AAGGGGCTCA CCAGTTCCAA ATCTGAAGAA AAGAAATGGC TTGGGATGTC ACTGACATCC ACTCTGTCTT TCTCTTCACA GGTGTCCTCT
A6/24 f e iteeee seieaseaae seeecaines saeecenies saseseanee sessesesas Aieiiiiiis tiieetenne ceienennas P &
A20/44 f ettt eeeee teseseeane seeeesiaes saeasesees saseseeene seeseseses s
670 680 690 700 710 720 730 740 750 760 770
GERMLINE /
VH205.12 CTGAGGTCCA GCTGCAACAA TCTGGACCTG AGCTGGTGAA GCCTGGGGCT TCAGTGAAGA TATCCTGTAA GGCTTCTGGA TACACGTTCA CTGACTACTA CATGAACTGG
A6/24 cereecsces Aiveisnnas sennanns e eieeiieens eeesesesee ean eeaiee teeesteses seesesenes seseeesras saeeeaeaes
A20/44 eeeeeene seeaaaas ve eenaees O
780 790 800 810 820 830 840 850 860 870 880
GERMLINE / . eeeecceceeccecccceo-
vnios.lz GTGAAGCAGA GCCATGGAAA GAGCCTTGAG TGGATTGGAG ATATTAATCC TAACAATGGT GGTACTAGCT ACAACCAGAA GTTCAAGGGC AAGGCCACAT TGACTGTAGA
A6/24
A20/44 T
890 900 910 920 930 950 960 970 980 990
GERMLINE / E2223 823332223233 22232222231

VH205.12 CAAGTCCTCC AGCACAGCCT ACATGGAGCT CCGCAGCCTG ACATCTGAGG

ACTCTGCAGT CTATTACTGT GCAAGAG... ..T...AC.G ...T....CT TACTGGGGCC

A6/24 teecesence ssescesese ssesesacse sesecesese ssesnsesce ssesesToee sooeesTies t0eea s sCTT AT.ACT..G. TCC.TTTG.. ccvvvavnnn
1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
GERMLINE/
VH205.12 AAGGGACTCT GGTCACTGTC TCTGCA
A6/24 END JH3
A20/44 teetessece seessecene sasene
1110 1120

FIG. 3. Nucleotide sequence of the 5’ nontranslated regions and adjacent coding sequences of the active VDJ alleles from hybridomas
A6/24 and A20/44 compared with the V;205.12 germ line sequence. Asterisks indicate the primer sequences used for PCR amplification of
the germ line genes. The primer sequence used for cap site determinations was complementary to bases 940 to 956. Other annotation is as

described in the legend to Fig. 1.

For the VL205.12 family, 24 clones obtained by PCR
amplification of genomic DNA were sequenced. Nine germ
line and eight related clones were obtained, some of them
more than once. However, the base changes in A6/24 which
occurred 21 and 73 nucleotides upstream of the cap site (Fig.

3) were not found in any of these clones (Fig. 4). If a
progenitor gene with 5’ sequences identical to A6/24 existed
in liver DNA, we could reasonably have expected to amplify
it by PCR, given that A6/24 is very similar to the V;;205.12
germ line gene and 9 of 24 clones characterized were of this

VH20512/
GERMLINE TGACCTATGT ACCTTTAAGT CCTTCCTCTC CAGCTTTTCT TCATTCGGAT TGGTTATTAT ATACAAAGTC CCCTGGTCAT GAATATGCAA AATACCTAAG TCTATGGTAG
CLONE1 tessesisce saesssesss secssscess sesse S o S feeene eseeaan
CLONE3 Gecescsces cescacesse esescsessae o cesBoes sesereanns
CLONE4 P N T < S .
CLONES
CLONE6 ..A.G....
CLONE? eseevssces essescssce saees ceese ooTe Aceee CoveeTevee tovnccnvss sossoosens
450 460 470 480 490 500 510
VH20512/ l . —_
GERMLINE CTAAAAACAG GGATATCAAC ACCCTGAAAA CAACATATGT ACAATGTCCT CACCACAGAC ACTGAACACA CTGACTCTAA CCATGGGATG GAGCTGGATC
CLONE1 aeeesescese socssessses sssveccases soBcscscie sesscesens sececcssres sesssscess secssssae o sessssssnns
CLONE2 P S S
CLONES b S .
CLONE6 Teeeneseee 2s2esGarann
CLONE? Teeseeeoas sAhevsenans

560 570

650

FIG. 4. Partial nucleotide sequences for the upstream regions of V;205.12-related germ line genes amplified by PCR from total C57BL/6j
liver DNA. These sequences are compared with the germ line V;205.12 gene sequence which was the progenitor of hybridomas A6/24 and
A20/44. Vertical arrows indicate the location of the two putative somatic mutations in hybridoma A6/24 (Fig. 3). Blank regions indicate where
the sequence is not yet determined. Other annotations are described in the legend to Fig. 1.



5192 BOTH ET AL. MoL. CELL. BioL.

GERMLINE AAAAGA TATTCTCAGT CTCCCCATGT CAGGCCATCT GCCACACTCT GCATGCTGCA GAAGCTTTTC
403 GGTAAGCTCGGC TTTTTTCTTT CCGCACAATC CGTTCTGAAA CGAG...... B T S Ceees seeetiaiie seseeaanas © heeseeeaen

1110 1120 1130 1140 1150 1160 1170 1180 1190 1200 1210
GERMLINE TGTAAGGATA GGGTCTTCAC TCCCAGGAAA AGAGGCAGTC AGAGGCTAGC TGCCTGTGGA ACAGTGACAA TCATGGAAAA TAGGCATTTA CATTGTTAGG CTACATGGGT
403 ... P Cetteeene teeeeaeaa

1220 1230 1240 1250 1260 1290 1300 1310 1320
GERMLINE AGATGGGTTT TTGTACACCC TGTGACTACT ACCACTCTCA CAGTCTCCTC AGGTGAGTCC TTACAACCTC
3B44 Cheesietes ssaenaenes feseetit teeeeseaan aeneaan e seeeeieans
3B62 R et R T T PN
403 Ceeteiiees ceeeaceess sesesasere tasseseces seseeseaas < e

1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430

GERMLINE TCTCTTCTAT TCAGCTTAAA TAGATTTTAC TGCATTTGTT GGGGGGGAAA TGTGTGTATC TGAATTTCAG GTCATGAAGG ACTAGGGACA CCTTGGGAGT CAGAAAGGGT

3B44 F e S S T T P
403 R . R B R R N ¢ teseeseves
1440 1450 1490 1500 1510 1520

GERMLINE CATTGGGAGC CCTGGCTGAC GCAGAEAGAC ATCCTCAGCT CCCATACTTC ATGGCCAGAG ATTTATAGGG
3B44 Cececeees seraen
3B62 . Al ...G.
403 Ceeeeesaee ceeescecae sessessans

1550 1560 1570

1630

GERMLINE TTTCTTTGTC CCTCACTGGC CTCCATCTGA GATCATCCTG GAGCCCTAGC CAAGGATCAT TTATTGTCAG GGGTCTAATC ATTGTTGTCA CAATGTGCCT GGTTTGCTTA

3B44 P S o
3B62 . ceesaaeaas as ...A ..
403 ... eeve seeseesaes seesBiiiiatiii TT

1660 1670 1680 1690 1700 1710 1720 1730 1740 1750 1760

+
GERMLINE CTGGGGCCAA GGGACTCTGG TCACTGTCTC TGCAGGTGAG TCCTAACTTC TCCCATTCTA AATGCATGTT GGGGGGATTC TGGGCCTTCA GGACCAAGAT TCTCTGCAAA

3B44 e e eiee eeeeeenee eeeeeien eeiaeaan D L S
3862 e e
403 i
A2044
A624 e
1770 1780 1790 1800
JH3

GERMLINE CGGGAATCAA GATTCAACCC CTTTGTCCCA AAGTTGAGAC

3B44 teeseeses sseeseesee sesessanen

3B62 . .

403

A2044 ceee crieseenas
1890 1900 1910

GERMLINE CTGCCAGAAC TGAAGCTTGA AGTCTGAGGC AGAATCTTGT CCAGGGTCTA TCGGACTCTT GTGAGAATTA ACAATTTCAG GGTCAGTGAC

403 i e [ Ceteeeaeen
A2044 . e . RN
A624 B R e

2080 "2090

1990 2000 2040 2056

GERMLINE TGTCTGGTTT AAGAGGGGTC CAGGGGCTTC TGTGGAACAA TGACTTGAAT
3B44 Cheecaeea it detiee saeean
3B62
403
A2044

2110 2130 2140 2160 2170

GERMLINE GGTTGATTCT TGTGTGACAC CAGGAATTGG CATAATGTCT GAGTTGCCCA GGGGTGATTC TAGTCAGACT CTGGGGTTTT TGTCGGGTAT AGAGGAAAAA TCCACTATTG

A2044
X372 Y e eieraenete eeseense
2220 2240 2250 2260 2280 2290 2300

RARKKARARRARAARRRRARARANRR
GERMLINE TGATTACTAT GCTATGGACT ACTGGGGTCA AGGAACCTCA GTCACCGTCT
3B44 R
3B62 ...
403 ceeeen
A2044 creseenan .
A624
2320 2330

CTTTGTTATG

2370 2380 2390 2400 2410 2420

GERMLINE AGCATTGCAG
3B44
3B62
403
A2044
A624

GAAGTTGGGA ATCTCCACAT

2500
4

GERMLINE GCTCATTTGA
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GGGATAGTTG GGGCTGTAGT TGGAGATTTT CAGTTTTTAG AATAAAAGTA TTAGTTGTGG AATATACTTC AGGACCACCT CTGTGACAGC ATTTATACAG TATCCGATGC
2650 2660 2670 2680 2690 2700 2710 2720 2730 2740 2750

ATAGGGACAA AGAGTGGAGT GGGGCACTTT CTTTAGATTT GTGAGGAATG TTCCGCACTA GATTGTTTAA AACTTCATTT GTTGGAAGGA GAGCTGTCTT AGTGATTGAG

2760 2770 2780 2790 2800 2810 2820 2830 2840 2850 2860
ERACRRAAA NN R ARRARAEARRRANS

TCAAGGGAGA AAGGCATCTA GCCTCGGTCT CAAAAGGGTA GTTGCTGTCT AGAGAGGTCT GGTGGAGCCT GCAAAAGTCC AGCTTTCAAA GGAACACAGA AGTATGTGTA

2870 2880 2890 2900 2910 2920 2930 2940 2950 2960 2970

TGGAATATTA GAAGATGTTG CTTTTACTCT TAAGTTGGTT CCTAGGAAAA ATAGTTAAAT ACTGTGACTT TAAAATGTGA GAGGGTTTTC AAGTACTCAT TTTTTTAAAT

2980 2990 3000 3010 3020 3030 3040 3050 3060 3070 3080
GTCCAAAATT CTTGTCAATC AGTTTGAGGT CTTGTTTGTG TAGAACTGAT ATTACTTAAA GTTTAACCGA GGAATGGGAG TGAGGCTCTC TCATAACCTA TTCAGAACTG
3090 3100 3110 3120 3130 3140 3150 3160 3170 3180 3190

ACTTTTAACA ATAATAAATT AAGTTTCAAA TATTTTTAAA TGAATTGAGC AATGTTGAGT TGGAGTCAAG ATGGCCGATC AGAACCAGAA CACCTGCAGC AGCTGGCAGG
3200 3210 3220 3230 3240 3250 3260 3270 3280 3290 3300

5193

AAGCAGGTCA TGTGGCAAGG CTATTTGGGG AAGGGAAAAT AAAACCACTA GGTAAACTTG TAGCTGTGGT TTGAAGAAGT GGTTTTGAAA CACTCTGTCC AGCCCCACCA
3

310 3320 3330 3340 3350

3360 3370 3380 3390 3400 3410

AACCGAAAGT CCAGGCTGAG CAAAACACCA CCTGGGTAAT TTGCATTTCT AAAATAAGTT GAGGATTCAG CCGAAACTGG AGAGGTCCTC TTTTAACTTA TTGAGTTCAA

3420 3430 3440 3450 3460

3470 3480 3490 3500 3s10 3520

CCTTTTAATT TTAGCTTGAG TAGTTCTAGT TTCCCCAAAC TTAAGTTTAT CGACTTCTAA AATGTATTTA GAATTC
3530

3540 3550 3560 3s70

3580 3590 3600

FIG. 5. Nucleotide sequences of the 3’-flanking regions of the active VyDJ alleles from hybridomas 3B44, 3D62, 40.3, A20/44, and A6/24
compared with the germ line sequence. The downstream germ line sequence was determined from clones amplified by PCR from total liver
DNA by using primers (*****) near J;;; (bases 1121 to 1142) and across the Xbal site (base 2908, Fig. 5B). Other clones were obtained by
amplification of the Jy_,-Xbal region. # signifies base differences which may be allelic, rather than somatic. The identity of base 2310 in the
germ line sequence was ambiguous; it is assigned as G on the basis of the consensus sequence. (B) Germ line sequence was determined from
PCR-amplified clones to base 2869. All hybridomas were identical in sequence from base 2641 to the 3’ end.

% A S 12AGCT34

FIG. 6. Determination of the 5’ termini of mRNAs from hybrid-
omas expressing V4186.2 and V205.12 genes. Total RNA was
isolated from the following hybridoma cell lines: B1-8, which
expresses mMRNA for an unmutated V;186.2 gene rearranged to Jy
(6); A6/24, expressing mRNA representing the V205.12 gene, and
A20/44, also expressing mRNA of V,205.12. Primers which had
been used for sequence determinations were radiolabeled with
[y-32P]ATP at their 5’ ends and used to initiate cDNA synthesis by
avian myeloblastosis virus reverse transcriptase, using the total
hybridoma RNA as the template. Primers used for Vy genes are
indicated in the legends to Figs. 2 and 3. cDNAs were analyzed by
electrophoresis on 3% polyacrylamide gels containing 7.0 M urea
(7), using denatured DNA fragments derived from a plasmid of
known sequence as markers. (A) Marker fragments of indicated
sizes (tracks 1 and 5); cDNAs copied from B1-8 (track 2), A20/44,
(track 3) and A6/24 (track 4) RNAs, respectively. Arrowheads

type. Therefore, these changes almost certainly represent
genuine somatic mutations. For the V;186.2 group, the 3B62
gene possesses a cluster of five base changes beginning 375
nucleotides upstream of the cap site. One of these creates a
Rsal site, and we are using this fact together with PCR
techniques to investigate their origin. The region of DNA
corresponding to bases 11 to 1011 (Fig. 2) was amplified from
total liver DNA (CS57BL/6j) and from hybridoma 3B44 and
3B62 DNAs. When these amplified DNAs were digested
with Rsal, 3B62 DNA was cut, whereas the germ line and
3B44 DNAs were not (H. Rothenfluh, L. Taylor, G. Both
and E. Steele, unpublished results). These preliminary re-
sults therefore suggest that the upstream changes in 3B62 are
also somatic mutations since they appear not to be present in
the germ line DNA typical of the region encoding V;186.2-
related sequences. However, we cannot rule out the unlikely
possibility that progenitor sequences for 3B62 (and A6/24)
exist elsewhere in the genome in related sequences which
were not amplified by the PCR primers used here. Thus, the
5’ boundary of mutation remains to be established but
mutations clearly occur upstream of the cap site in the
nontranscribed flanking region. Sequencing of this region in
a larger set of mutated V;186.2 genes should define the 5’
boundary of mutation. This has been initiated.

The 3’ boundary for hypermutation clearly extends be-
yond J_,, but we are uncertain of its precise location. We
have placed the boundary at a region about 210 bases
downstream of J;_, in Fig. 7. This takes in a cluster of nine
recurrent mutations (Fig. SA, bases 2559 to 2577), i.e.,
mutations to the same base in the same position in indepen-
dently arising somatically mutated genes. However, it is not
certain that these are genuine somatic mutations, given the

indicate the full-length cDNA product in each case. (B) cDNAs
synthesized in panel A were analyzed by electrophoresis on a 5%
sequencing gel next to a known nucleotide sequence derived from a
rotavirus VP7 gene (4). Separate photographic exposures of the
same gel were aligned to form the figure. Arrowheads indicate the
position of the cDNAs which were loaded twice. Tracks 1 and 2,
cDNA from track 2 of panel A; tracks 3 and 4, cDNA from track 3
of panel A.
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FIG. 7. Distribution of mutations within and around somatically
mutated VyDJy loci. Mutation frequency (%) is the number of
mutational events per 100 bases sequenced. The sequences were
determined in the region between the arrows. The data, grouped at
50-base-pair intervals, were derived from Fig. 2, 3, and S, and
encompass 118 mutational events. A mutational event is defined as
either a single-base substitution, a single-base deletion, or a com-
plete codon deletion. The four bases which could not be determined
(labeled X in Figs. 2, 3, and 5) were not scored. The sets of sequences
have been aligned first by the nucleotide specifying the initiation of
RNA synthesis (cap site [*], in Fig. 2, 3, and 6). The first nine
50-base-pair intervals downstream of the cap take in most of the V
region to position 1001 in V;186.2 (Fig. 2) and base 1029 in V;205.12
(Fig. 3) which are 29 and 31 nucleotides, respectively, from the 3’ end
of the V-region sequence. The discontinuity takes in the V-D junction
through to the end of J ,. Thus, any differences in the V-D junction,
which might include potential N-region additions were not scored
(e.g., the two mutations in A6/24 at positions 1047 and 1057 in Fig. 3
are not included in this histogram). The discontinuity is also present
because only one sequence (40.3) was available through the region.
Between Jy , and Jy 3, the data are based on sequences of only three
genes (3B44, 3B62, and 40.3); for all other downstream regions, the
data are derived from all five genes which have been aligned at the
end of the J_; region (position 1794 in Fig. SA).

nearby sequence polymorphisms at bases 2611 and 2613.
Our present interpretation is that these GGG-to-AGA
changes may represent allelic differences in C57BL/6j mice.
Alternatively, since these changes arose in two independent
PCR amplifications of this region (in liver and hybridoma
3D61 DNAs), there might be a hot spot for Taq polymerase-
induced mutations at these sites. If the recurrent base
changes do not represent genuine somatic mutations, then
the boundary contracts to a region about 60 base pairs 3’ to
Jhu.4- Sequencing of this region in a larger set of V;186.2
genes will better define the 3’ boundary of mutation.
Mutations occurring in the nontranslated introns and 5'-
and 3'-flanking regions of V4 genes should not be subjected
to antigenic selection. Thus, the types of mutations in these
regions may represent the error specificity of the enzymes
involved in the somatic mutation process (M. Kaartinen, S.

MoL. CELL. BioL.

TABLE 1. Types of nucleotide changes in the nontranslated
regions of immunoglobulin V genes

Type of No. of mutations
nucleotide change (n=15)
Transitions
A G i, 7
T C o 7
G A 12
(O PP 12
Single-base deletions .............c.cceeeviiinniiniinnnnnn... 4
Transversions
1
2
4
2
7
S
3
9

Kulp, and O. Makela, in E. J. Steele, ed., Somatic Hyper-
mutation in V-Regions, in press; T. A. Kunkel, in E. J.
Steele, ed., Somatic Hypermutation in V-Regions, in press).
Analysis of the types of mutation within the nontranslated
flanking regions of Vy genes indicates that the mutator
mechanism may have a preference for base transitions over
transversions (Table 1). A ratio of 1:2 respectively would be
evident if transitions and transversions occurred at an equal
frequency. In addition, among the transversions, there is a
bias towards A>T, T—>A,A— C,and G— T (25 of 75 or
33%)over T > G, C—> A, C—>G,and G— C (8 of 75 or
9%). These proportions and pattern of transitions and trans-
versions are broadly consistent with the recent larger survey
of 234 ‘‘selection-free,”” or silent, somatic mutations in
immunoglobulin V genes (Kaartinen et al., in press). The
biased pattern amongst transversions is also consistent with
the ability of AMV reverse transcriptase to extend from the
corresponding mismatched bases (27). These results may
indicate that reverse transcriptase or a low-fidelity DNA
polymerase lacking the 3'-5' exonuclease proofreading ac-
tivity may operate during somatic hypermutation in immu-
noglobulin V4 genes (Kunkel, in press).

We have critically evaluated elsewhere the various mech-
anisms proposed to explain somatic hypermutation (Steele et
al., in press). These mechanisms are either DNA-based e.g.,
site-directed error-prone repair, gene conversion (8, 14, 26)
or gene expression-based (e.g., involving error-prone re-
verse transcription) (41). The present data do not rule out
models which propose the transcribed region of the DNA as
the primary target for the mutation process. However, this
type of model is insufficient to fully account for the observed
distribution of mutations in the 5’ nontranscribed region
unless various ad hoc processes are proposed to explain
their origin, e.g., the use of minor upstream transcription
initiation sites in hypermutating B cells. Transcription from
S’ upstream start sites was proposed to explain the appear-
ance of hygromycin-resistant cells after transfection with
promoter-negative retroviral vectors carrying the hygromy-
cin resistance gene (11, 12).

In summary, the data suggest that the transcribed region is
the primary target for the mutational mechanism, but the
mutations which fall outside this region require other expla-
nations, e.g., gene conversion or heteroduplex-induced gene
mutagenesis (26; Steele et al., in press). Thus, the real
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mechanism of somatic hypermutation may turn out to be a
combination of the various published models.
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