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Abstract

The immunoglobulin V ; gene 51pl, a member of the large
V 41 gene family, is preferentially expressed by B cells in the
fetus and in chronic lymphocytic leukemia (CLL) and appears
to be the source for many cryoglobulin rheumatoid factors. Poly-
morphism of 51p1 may therefore be functionally important. We
have studied the germline representation of S1pl and closely
related V ,; elements to establish their prevalence and allelic
relationship. A panel of oligonucleotide probes directed to the
complementarity determining regions (CDR1 and CDR2) of
51p1 and a similar gene, hv1263, was used in restriction frag-
ment polymorphism analysis of 48 unrelated individuals and
six families. 13 V 4 alleles to the 51p1 locus were identified,
each distinguished by its restriction fragment size, hybridiza-
tion profile, or both. On some haplotypes the locus was dupli-
cated. Null alleles were not seen. The 13 alleles were cloned,
yielding nine distinct nucleotide sequences that were > 98.2%
identical and included 51p1 and hv1263. These germline varia-
tions could influence specificity for antigen, because the corre-
sponding protein sequences differed by up to five amino acids,
including three nonconservative changes in the CDR. Two of
the most prevalent variants contained S1p1. These findings ex-
pand the spectrum of polymorphism seen among human V
genes and elucidate the germline origin of V ;1 sequences fre-
quently expressed in autoantibodies and CLL. We conclude
that the 51p1 locus is polymorphic, and that the S1p1 element
is the predominant member of a complex set of alleles. (J. Clin.
Invest. 1993. 91:2358-2367.) Key words: antibody diversity »
genes, immunoglobulin V ;; germline » molecular sequence
data  oligonucleotide probes ¢ restriction fragment length
polymorphism

Introduction

The variable regions of human Ig heavy chains are encoded by
somatically rearranged segments selected from the Vy, D, and
Jy4 gene clusters on chromosome 14. Human V elements can
be divided into at least seven gene families, where members of
the same Vy family share at least 80% nucleotide sequence
identity (1-9). Gene segments from different human Vy fami-
lies are interspersed throughout the Vi cluster, which contains
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upwards of 100 Vy loci per haploid genome (3, 6). Recent
studies indicate that many human Vy genes are polymorphic,
presumably the result of extensive duplication, deletion, gene
conversion, and point mutation in the Vy cluster (10-21). The
repeated cloning of some V sequences from unrelated individ-
uals (4-8, 22-27) and the results of sequence-specific hybrid-
ization studies (19-21) suggest that polymorphic Vy loci are
commonly dominated by only a few conserved alleles (i.e., two
to four) (20). However, because linkage disequilibrium has
been found among only a minority of the studied Vy elements
and thus appears to be limited to elements of physically proxi-
mal Vy loci the diversity of V, haplotypes in the population is
large (20, 28).

Recent studies indicate that the physical order and location
of loci in the human Vy cluster is similar among haplotypes,
regardless of the particular polymorphisms the haplotypes con-
tain (27, 29, 30). Allelic relationships among V elements
should be discernible, therefore, if one can account for the dele-
tions and duplications affecting the corresponding locus. Hy-
bridization studies have identified paired restriction fragment
length polymorphisms of V elements that appear to be related
as alleles (21, 28). A more complete understanding of allelism
among Vy genes has been slow to emerge, however, because
the complex polymorphism of V; genes and the insensitivity of
Southern hybridization to small sequence variations have hin-
dered precise correlation of Southern hybridization bands with
known Vy sequences. Thus, the identity of Vy; elements con-
tained in allelic RFLP is not usually known, and, when similar
Vy sequences are cloned from unrelated individuals, it is not
routinely possible to determine whether they are alleles or de-
rived from distinct loci.

We have previously identified Vy polymorphism by per-
forming genomic hybridization with oligonucleotide probes
(19-21). This approach confers exquisite sequence specificity
upon RFLP analysis and has revealed a spectrum of polymor-
phism among genes from the V3 and Vu4 families (19-21,
31). In the present study, we examine the polymorphism of
51pl and hv1263, similar genes from the large V41 family. The
51pl gene is expressed in the restricted repertoire of fetal liver B
lymphocytes, and as such might influence the development of
the adult Vy repertoire (8). Serological evidence implicates
51pl or related Vyl elements as the rearranged Vy gene in
about one-quarter of chronic lymphocytic leukemia (CLL)' B
cell lines (32) and as a candidate germline source for many
paraprotein rheumatoid factors (33). It is not known if all indi-
viduals possess the 51pl germline gene, if there exist alleles of
51pl, or if such alleles are equal participants in the fetal reper-
toire, B cell neoplasia, or autoimmunity. It is thus important to
understand the germline representation of 51p1 because poly-

1. Abbreviations used in this paper: CLL, chronic lymphocytic leuke-
mia; CDR, complementarity determining region.
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understand the germline representation of 51p! because poly-
morphism at the 51p1 locus might influence the expressed B
cell repertoire in normal and abnormal states. We now present
results of allele-specific hybridization analysis and gene clon-
ing. It is demonstrated that 51p1 belongs to a complex set of Vi
alleles, the definition of which establishes the germline origin of
many Vg1 sequences expressed in the fetus, in CLL, and in
autoantibodies.

Methods

Enzymatic digestion of genomic DNA. DNA was prepared by standard
methods from peripheral blood leukocytes obtained from 48 unrelated
healthy donors and from members of two families (Virginia Mason
Research Center families 117 and 292) (34). One member from one
family (subject 3116, offspring in family 117) was included in the popu-
lation study. DNA was similarly prepared from EBV-transformed B
cells of members of four additional families (EYo, ECa, GAWO0.4,
GAWO0.3), two of which (EYo and ECa) have been previously de-
scribed (19). Digestions were performed with 3—4 U Taql/ug genomic
DNA followed by extraction with phenol and chloroform/isoamyl alco-
hol, ethanol precipitation, and resuspension in TAE (0.04 M Tris-ace-
tate, 0.002 M EDTA) running buffer.

Oligonucleotide probes. Synthetic deoxyoligonucleotide probes
were prepared at the Howard Hughes Medical Institute at the Univer-
sity of Washington, Seattle, WA. Probe M28 (codons 54-60, number-
ing system of Kabat et al. (35), in complementarity determining region
2 [CDR2]) matches a sequence from the Vi germline gene hv1263
(33), 5’ CTT GGT ATA GCA AAC TAC GCA 3'. Probes matching
sequence from the cDNA Vy element 51p1 (8) are M27 (codons 54—
60 in CDR2), 5' TTT GGT ACA GCA AAC TAC GCA 3'; H111
(codons 50-56 in CDR2) 5'GGG ATC ATC CCT ATC TTT GGT 3';
and M32 (codons 70-76 in FR3) 5' ACC GCG GAC GAA TCC ACG
AGC 3'. Probe M26 (codons 30-36 in CDR1) 5' AGCAGC TAT GCT
ATC AGC TGG matches a sequence that is identical in hv1263 and
51pl. Antisense probes M116, M117, and M118 are the reverse com-
plements of H111, M27, and M28, respectively.

Hybridization with oligonucleotide probes. Hybridization of >?P-la-
beled oligonucleotide probes to DNA in dried agarose gels was per-
formed according to a previously described protocol (20). Hybridiza-
tion temperatures were 55-57°C for probes M26, M27, M28, and
H111 and 52°C for probe M32. After hybridization, gels were washed
for 1 h at 43°C in 5X SSC, 0.5% SDS, and then postwashed for 1 h in
3.2 M tetramethylammonium chloride, 0.5% SDS, 0.001 M EDTA,
and 0.05 M Tris, pH 7.5. Temperatures of postwashes are given in the
figure legends. The predicted melting temperature ( 7,,) of hybridized
oligonucleotide probes in the tetramethylammonium chloride post-
wash solution, determined by probe length, is approximately 62°C for
all oligonucleotide probes used in this study (36). Hybridization to
colony lifts on nitrocellulose filters followed the same protocol except
that prehybridization was performed with hybridization buffer, with-
out probe, and this buffer contained 100 ug/ml boiled salmon sperm
DNA, in addition to the previously described components. Antisense
probes were used only for filter hybridization at 55-57°C. Filters were
postwashed at 55-59°C.

Film exposure of hybridized gels. After postwashing, gels were blot-
ted dry on paper towels, placed on filter paper backing, wrapped in
cellophane, and exposed to Kodak X-OMAT AR film (Eastman Ko-
dak Co., Rochester, NY) in a sealed metal cassette with an intensifying
screen at —70°C for the durations indicated in the figure legends.

Reuse of gels. After hybridization and film exposure, gels were pre-
pared for the next hybridization by incubation for 1 h in 0.5 M NaOH,
1.5 M Na(l, followed by two successive 30-min washes in 3.0 M NaCl,
0.5 M Tris-HCl, pH 7.0, and a brief wash in 0.01 M Tris, pH 8.0, all at
room temperature.

Cloning of selected Vy, germline genes. 1-ug aliquots of genomic
DNA prepared from peripheral blood leukocytes of nine subjects were

amplified by 30 cycles of PCR using the Geneamp kit (Perkin-Elmer
Cetus Instruments, Norwalk, CT). Each cycle was denatured for | min
at 93°C, annealed for 2 min at 55°C, and extended with Taql polymer-
ase for 3 min at 72°C, with a 7-min extension after the last cycle. PCR
primers were TTC TTG GTG GCA GCA GCC ACA GG (5’ primer)
and AG GAT GTG GTT TCT CAC ACT GTG (3’ primer), corre-
sponding to the hv1263 sequence (33) immediately 5’ of the leader
intron and 3’ of the V,; coding region, respectively. PCR product (1-4
ul; in some cases, first separated in an agarose gel, extracted, and eth-
anol precipitated ) was blunt-end ligated into the HinclI or Smal site of
M13mpl19 (Pharmacia LKB Biotechnology Inc., Uppsala, Sweden),
transformed into DH5aF ' competent cells, and plated in YT agarose
with JM101 lawn cells, isopropyl-8-D-thiogalactopyranoside, and 5-
bromo-4-chloro-3-indoyl-8-D-galactoside according to standard meth-
ods. Nitrocellulose filter lifts of the primary plates were screened by
hybridization with appropriate sense and antisense oligonucleotide
probes (Table I) to identify clones with inserts in each orientation. All
desired primary clones were picked, diluted, and replated, and filter
lifts of these secondary plates were screened with the appropriate oligo-
nucleotide probes.

Nucleotide sequence analysis of selected Vy germline genes. Se-
quence analysis (Sequenase 2 reagents and protocol; U.S. Biochemical
Corp., Cleveland, OH ) was performed only with DNA prepared from
selected M13 secondary clones to exclude undesired V,; genes that
could have been inadvertently picked alongside a primary clone of
interest. Clones in each direction were sequenced for all gene variants,
except those from subject 3027. For 44 of the 45 primary clones se-
quenced, all 392 nucleotides between the PCR primers were deter-
mined ( I clone had 326 nucleotides). Each of the 15 sequences listed in
Table II reflects a consensus of two to five primary clones whose nu-
cleotide sequences were identical, except for unique substitutions ap-
pearing on only a single clone, which were presumed to be PCR errors
and excluded from the reported consensus sequence. Nine such substi-
tutions were excluded. For the two sequences obtained from subject
3116, the same protocol was followed except that: (a) template DNA
for PCR amplification was prepared from two lambda phage clones
selected by screening a previously described library of subject 3116
genomic DNA (31) with probe M27, (b) antisense M13 clones were
identified by screening with a V41 cloned probe (51p1) to detect M13
plaques not seen with the sense probe M27, and (c) DNA for sequenc-
ing reactions was prepared from M 13 primary clones.

Results

To identify the V; element 51p! and its potential alleles, geno-
mic hybridization was performed with four oligonucleotide
probes specific for the CDR of S1pl and the Vy; gene hv1263,
whose coding regions differ by only five nucleotides. Two of the
CDR2 probes, M27 and M28, detected mutually exclusive sets
of V4 elements because of the nucleotide mismatches distin-
guishing their respective targets in 51p1 and hv1263 (Fig. 1).
These two sets of Vy elements are designated 51pl related
(M27%) and hv1263 related (M28™).

Detection of RFLP containing hvl263-related germline
genes. When Taql-digested genomic DNA from 48 unrelated
individuals was hybridized with the hv1263-specific probe
M28, 58% of individuals were positive and 42% were blank.
The representative gel in Fig. 2 4 shows examples of each of the
four observed M28™ restriction fragments, at 5.8 kb (lanes 4
and 7), 4.3 kb (lane 11), 4.0 kb (lanes 5 and 8), and 3.9 kb
(lanes 1, 3, 4, 6, 9, 10, 12, and 13).

In two individuals, probe M28 detected two bands (e.g.,
lane 4) and, in five others, an intense single band, consistent
with a double gene dose (e.g., lanes 7, 3, and 8). In no case did
M28 detect three bands or an intense band plus a second band,
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Figure 1. Sequence-specific oligonucleotide probes. Nucleotide se-
quences of V1 target genes S1pl and hv1263 are depicted in regions
of (4) CDRI1, (B) CDR2, and (C) FR3, to which oligonucleotide
probes M26 (4), M28, M27, H111 (B), and M32 (C) are directed.
Nucleotides of hv1263 and of all oligonucleotide probes are specified
only where they differ from gene 51p1. Residues comprising CDR 1
and part of CDR2 are indicated by a horizontal line over S1pl. Codon
numbering is according to Kabat et al. (35).

suggesting that two M28* elements is the usual maximum oc-
curring in a genome.

Detection of RFLP containing 5 1pl-related germline genes.
When Tagql-digested genomic DNA from the same 48 unre-
lated individuals was hybridized with the 51p1-specific probe
M27, 85% of individuals were positive and 15% were blank.
The representative gel in Fig. 2 B shows examples of each of the
three most prevalent restriction fragments, at 7.5 kb (lanes 5, 7,
9, 10, and 14), 4.3 kb (lanes 2, 6 and 11-14), and 4.0 kb (lanes
2,5, 7, 9 10, and 14). In addition, infrequently occurring
bands were detected by probe M27 at 6.5 and 3.9 kb (not
shown).

In four individuals, M27* bands were increased in inten-
sity, suggesting a double gene dose. Two of these individuals
possessed intense 7.5- and 4.0-kb bands; two others possessed
an intense 4.3-kb band (no examples shown). In this popula-
tion, no individual with an intense band detected by either
M28 or M27 had any bands detected by the other of these two
probes.

Detection of CDR?2 sequence variants among 51pl-related
germline genes. To determine whether nucleotide sequences of
51pl-related elements vary in the region of CDR2 located 5’ to
that targeted by probe M27, genomic hybridization of the same
48 individuals was performed with a second 51pl-specific
probe, H111 (Fig. 1). With only two exceptions, all bands de-
tected by probe M27 were also detected by probe H111 (Fig. 2
C). In the two exceptions, an M27* band was not detected by
probe H111, once at 4.3 kb (not shown) and once at 4.0 kb
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(Fig. 2, B and C, lane 2). These two M27*H111~ elements
must therefore be sequence variants that differ from the 51pl
sequence at one or more of the nucleotide positions uniquely
targeted by probe H111. In no case did probe H111 detect an
element not also detected by probe M27. This finding, that
probes M27 and H111 detect identical patterns of RFLP in
most individuals, indicates that the 51pl-related elements we
have detected possess little sequence variation in the CDR2
regions targeted by probes M27 and H111.

Detection of CDRI sequence variants among 51pl-related
germline genes. To determine whether nucleotide sequences of
S1pl-related genes vary in CDR1, genomic hybridization of
the same 48 individuals was performed with the CDR1 probe
M26 (Fig. 1). With one exception, all 51pl-related elements
previously detected by CDR2 probe M27 were also detected by
probe M26. The exception was the single M27*H111~ band at
4.0 kb described above (Fig. 2 B-D, lane 2). As expected,
probe M26 also detected hv1263-related elements seen with
the CDR2 probe M28™ (see below). Thus, in the present study
population, nearly all 51pl-related elements appear to have
conserved 51pl sequences in CDR1 as well as CDR2.

Detection of CDRI sequence variants among hvl263-re-
lated germline genes. Hybridization with the CDR 1 probe M26
detected most of the hv1263-related elements seen previously
with the CDR2 probe M28, but 5 of 30 M28 * bands were blank
with probe M26 (e.g., Fig. 2, 4 and D, lanes 6 and 8). In
addition, some M26* bands were less intense than expected if
M26 were to detect both the M28* and the M27* restriction
fragments known to comigrate or migrate similarly in those
individuals (e.g., Fig. 2 D, compare the 4.0/3.9 kb band in lane
9 with the 4.0 kb band in lane /0). In such cases, the implica-
tion is that M26 detected an M27 * element, but not the M28*+
element. These results indicate that although many of the
hv1263-related elements have conserved CDR1 as well as
CDR2, several CDR1 variants exist. The hybridization results

Table I. Related Vy1 RFLP

Probes
Variant kb M26 HIi11 M27 M28 Prevalence
1 7.5 + + + - 0.50
2 6.5 + + + - 0.02
3 5.8 + - - + 0.08
4 43 + - - + 0.02
5 43 + + + - 0.58
6 43 + - + - 0.02
7 4.0 + + + - 0.48
8 4.0 - - + - 0.02
9 4.0 + - - + 0.04
10 4.0 - - - + 0.17
11 39 + + + - 0.06
12 39 + - - + 0.23
13 39 - - - + 0.13

The Taql restriction fragment sizes (kb), oligonucleotide probe hy-
bridization profiles, and phenotypic prevalences of 13 distinct hy-
bridization bands are listed in order of their assigned variant numbers.
Each variant contains a 5S1pl-related (M27%) or hv1263-related
(M28™") gene. Data were obtained by sequential hybridization of the
probes to genomic DNA from 48 subjects. When a subject possessed

a variant with increased band intensity, the variant was counted once.
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Figure 2. Identification of S1pl and related germline genes. DNA extracted from PBL of 14 unrelated individuals was digested with Taql and
separated on two identical 1% agarose gels, which were then dried and prepared for hybridization. One gel was sequentially hybridized with
oligonucleotide probes M28 (4), M27 (B), and M26 (D). The other gel (C) was hybridized with probe H111. Postwash temperatures were 57°C

in 4, B, and D, and 58°C in C. All films were exposed for 7 d.

do not establish whether the CDR1 sequences of the variants
are identical to each other.

In no case did probe M26 detect elements previously unde-
tected by either M28 or M27 (Table I). Thus, the CDR1 se-
quence shared by hv1263 and 51pl is not found on any germ-
line genes other than the hv1263- and 51pl-related elements
described above.

13 distinct Vy elements are related to hvl263 and 51pl. The
results of genomic hybridization with probes M28, M27,
H111, and M26 identified 13 distinct V4 germline elements on
the basis of differences in restriction fragment size, oligonucleo-
tide hybridization profile, or both (Table I). Elements detected
by all three 51pl-derived probes (i.e., M26*, H111*, M27%)
occurred on five different restriction fragments, of which three
(7.5, 4.3, and 4.0 kb) were prevalent, occurring in 48-58% of
individuals (Table I). Elements detected by both hv1263-de-

rived probes (i.e., M26*, M28*) occurred on four restriction
fragments, of which one, at 3.9 kb, was relatively prevalent,
occurring in 23% of individuals (Table I). Also identified were
four CDR sequence variants, with prevalences of 2-17% ( Ta-
ble I).

Apparent duplication of a 51pl-related gene. The (M26™*,
M27*, H111*) bands at 7.5 and 4.0 kb, variants 1 and 7,
respectively (Table I), cooccurred in 22 individuals (e.g., Fig.
2, lanes 5, 7, 9, 10, and 14) and occurred separately in only
three individuals (not shown). By random assortment, cooc-
currence of these 7.5- and 4.0-kb bands was expected in 12
individuals. This result indicates linkage disequilibrium be-
tween these two elements (x2 = 9.59, P < 0.0001 ) and suggests
they represent a recent duplication.

Chromosomal organization of genes related to 51pl and
hv1263. To examine the chromosomal organization of the Vy
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elements related to S1pl1 and hv1263 and to determine whether
the two elements of S1pl-related 7.5/4.0-kb pair segregate to-
gether, as their distribution in the population predicts, six two-
generation families were studied by genomic hybridization
with probes M28 (hv1263), M27 (51pl), and H111 (51p1).
In four families (292, EYo, GAWO0.4, and GAWO0.3), only one
parent had the 7.5/4.0-kb pair detected with M27 or H111. In
all four of these families, each offspring inherited from that
parent either both bands of the 7.5/4.0-kb pair or the other
band possessed by that parent (Fig. 3). In a fifth family, EHa,
both parents possessed the 7.5 /4.0-kb pair detected with H111.
The other maternal element in the EHa family, an HIII* 4.3-kb
band, appeared in all offspring, suggesting that each offspring
received its 7.5/4.0-kb pair from the homozygous father (Fig.
3). These data indicate that the two elements of the 7.5/4.0-kb
pair, when present, reside on the same chromosome as each
other and on the opposite chromosome of any other element
detected in the same genome by the CDR2 probes M28, M27,
and HI11.

In no family was a null haplotype observed (Fig. 3). In five
of the studied families, parental chromosomes detected by
M28, M27, or H111 contained either a single band or the 7.5/
4.0-kb pair. In the sixth family, 292, one of the maternal chro-
mosomes contained two distinct elements different from the
7.5/4.0-kb pair (i.e., an M27* 6.5-kb band plus an M28* 4.0-
kb band) (Fig. 3). This gene pair likely represents a rare linkage
of two V41 elements that usually occur on opposite chromo-
somes. Thus, the segregation data demonstrate that, in the fami-
lies studied, V4 haplotypes contain either one of the elements
detected by the CDR2 probes or a linked pair of these elements,
usually the 7.5/4.0-kb 51pl-related pair.

Allelic distribution of genes related to hvl1263 and 51pl.
When the bands detected by probes M28 and M27 are ana-
lyzed in each of the 48 individuals studied, 46 individuals could
be interpreted to be: (a) heterozygous, with two different
bands, one per haplotype (e.g., Fig. 2, 4 and B, lanes 2, 4, 6,
11-13), (b) heterozygous, with the M27* 7.5/4.0-kb pair on
one haplotype and a single distinct band on the other (e.g., Fig.
2,Aand B, lanes 5, 7, 9, 10, and 14), or (¢) homozygous, with
the same hybridization band (or the M27* 7.5/4.0-kb pair) on
each haplotype (e.g., Fig. 2, 4 and B, lanes I, 3, and 8). The
two remaining individuals (of 48) possessed three distinct ele-
ments, but not the 7.5/4.0-kb pair (subject 3050, variants 1, 5,
and 9; subject 3110, variants 2, 6, and 12; both not shown),
indicating that, other than variants 1 and 7 in the M27* 7.5/
4.0-kb pair, duplications among these related V elements are
not common in the population studied (i.e., 2 of 96 haplo-
types).

The distribution of these elements in the population and in
the six families is entirely consistent with that expected of a set
of alleles to a single locus, if the apparent duplications, such as
the 7.5/4.0-kb pair, are regarded as one allele plus a closely
linked Vy element. In the population of 48 individuals, no
genome contained the 7.5 /4.0-kb pair (variants 1 and 7, preva-
lence = 0.46) with the (M26*, M27*, H111%) 4.3-kb band
(variant 5, prevalence = 0.58) and any of the M28* elements
(variants 3, 4, 9, 10, 12, and 13, prevalence = 0.67). By ran-
dom assortment, such hybridization patterns were expected in
at least eight individuals (x2 = 8.51, P < 0.01).

Sequence analysis of Vi variants related to hvl1263 and
51pl. The nucleotide sequences were determined for each of
the 13 variants identified by genomic hybridization ( Table II).

2362

292 EHa EYo Figure 3. Segregation in
families of 51p1- and
(1) é'g <!> 'LJ) E 4> é é hv1263-related germline
M28 65 -—----- —---- +----  elements. Genomic
40 —@r+++ —---- -++--  DNA from PBL or
39 mmmmmm oo +-+++ EBV-transformed B cell
HI11/M27 76 +-++-—- @++++ —+-++ lines from subjects in
65 —+++-—- ————— ————— six two-generation fam-
43 +-——++ —++t++ ————— ilies were digested with
40 +-++-- ®++++ —-+-++ Taql and separated on
1% agarose gels, which
117 GAWO.4 Gawos  were dried down, dena-
o o tured, and neutralized.
D&é é J) é 4, 4) é (J; é, é, Gels were sequentially
M28 40 -—- +-++++-- -———-—- hybridized with probes
39 +-= ++++-~++ +---+ tohvl1263 (M28)and
HITI/M27 7.5 ——— —+-—++++ —++—— 51[)1 (M2701'Hlll).
43 @+ ———--——- @+ Postwashes were per-
40 +—4 —+——44+44 —44_- formedat53-57°C.The
detected V elements

are indicated by a +, according to the hybridizing probe and the re-
striction fragment size (kb). Hybridization bands of increased inten-
sity are indicated by a + contained in a circle. Family code names
appear above each family diagram.

A total of nine different nucleotide sequences was obtained
(Fig. 4). The sequences have identical leader introns, with one
exception, and differ at only eight coding region positions,
making them 98.2-100% identical to each other. Four se-
quences, 027M27A, 079T8M27, 113T4M32, and 1d144 were

Table I1. Sequencing of Vyl Hybridization Variants
from Selected Genomes

Subject Variant Sequence
3027 5 027M27A (S1pl)
11 027M27B
3079 1 079T8M27 (51pl)
9 079T4M28 (hv1263)
3110 2 110T6M27
6 110T4M27
12 110T4M28
3113 7 113T4M27
1/5 113T4M32 (S1pl)
3116 5 1d144 (51pl)
8 1d194
3121 3 121T5M28 (hv1263)
1 Not sequenced
7 Not sequenced
3122 10 122T4M28
3124 13 124T4M28
1 Not sequenced
7 Not sequenced
3125 4 125T4M28
5 Not sequenced

Germline V1 sequences were cloned from the indicated subjects. For
each subject, all variants (as defined in Table I) are indicated, as are
the names of the corresponding nucleotide sequences cloned from
that subject. Sequence 113T4M32 could have been derived from
variant 1 and/or variant 5, both of which were present in subject
3113. Not sequenced signifies that no attempt was made to sequence
clones containing that variant from that individual. Nucleotide se-
quences identical to those of 51p1 or hv1263 are indicated.
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identical to 51p1. The nine nucleotide sequences encode seven
distinct polypeptides (Fig. 5). Amino acid replacements result
from five of the nucleotide substitutions, of which four are in
the CDR. Nonconservative amino acid substitutions occur at
codons 33 in CDR1, 50 and 56 in CDR2, and 73 in FR3.

Of 17,574 nucleotides sequenced, 9 suspected PCR artifacts
were encountered, none of which corresponded to the substitu-
tions described above. All were unique and all but two were
outside the CDR. Four of the nine suspected artifacts were T to

CAG

AGA

GGC

1 and 5), which is identi-
cal in its coding region

TTTTTT TTT mmmomemomms e mes emseee to the available sequence
DDl MITT O from DNA Sipl (8) and
bl Ml in its leader intron to that
I IIIIiiiMIT o ofgermline gene hvi263

(33) appears above as a
reference sequence. Other
sequences are specified
only where different from
the reference. Codon
numbering and CDR de-

ACG

DI marcation are according
s to Kabat et al. (35).

These sequence data are
available from the Euro-
pean Molecular Biology
Laboratory under the ac-
cession numbers
Z14295-714309.

C or A to G changes, the most common type of Taq polymer-
ase error (37, 38).

Assignment of nucleotide sequences to genomic restriction
fragments. The assignment of obtained sequences to the
correct restriction fragment variants in Table I was in most
cases straightforward because the DNA samples selected for
cloning were from subjects whose 51p1- or hv1263-related vari-
ants were identifiable by distinct combinations of oligonucleo-
tide probes. For example, in subject 3116, genomic hybridiza-
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tion detected variant 5 (M27*, H111%) and variant 8 (M27%,
H1117) (Fig. 2, lane 2). The two 51pl-related sequences ob-
tained from subject 3116, 1d144 and 1d194 (Table II), were
derived from clones having the hybridization profiles (M27*,
H111%) and (M277*, H1117), respectively. Thus, variant 5
must contain sequence 1d144 and variant 8 must contain se-
quence 1d194. The other DNA used for cloning that appear in
Fig. 2, from subjects 3121 (lane 7), 3122 (lane 8), and 3125
(lane 11), are similarly illustrative (Fig. 4 and Tables I and II).

Only variant 7 was less straightforward, because this M27*

4.0-kb band only appeared in genomes containing other Vy
elements with the same hybridization profile, (M26*, H111*,
M27%). With the DNA chosen for the cloning of variant 7,
from subject 3113, genomic hybridization previously showed
(M26*, H111*, M27%) bands at 7.5, 4.3, and 4.0 kb (i.e.,
variants 1, 5, and 7). Only two nucleotide sequences were
cloned from subject 3113, however. One sequence, designated
113T4M32, derived from five M13 clones whose sequences
were identical to that of 51p1 (Table II). The other, designated
113T4M27, derived from two M13 clones whose sequences
each differed from 51p1 by only a single FR3 substitution ( Ta-
ble I, Fig. 4). The 51p1 sequence of subject 3113 could have
derived from variants 1 or 5, or both, as was found in subjects
who possess variant 1 or 5, but not both (3027, 3079, 3116;
Table II). It is deduced, therefore, that the non-51p1 sequence
from subject 3113 must have derived from variant 7. Confir-
mation that the genes on the 7.5- and 4.3-kb fragments (vari-
ants 1 and 5) contain the same FR3 sequence and that the gene
on the 4.0-kb fragment (variant 7) does not was obtained by
genomic hybridization with a 51pl-specific FR3 probe, M32
(Fig. 1), to Taql-digested DNA of subject 3113 and the 14
individuals shown in Fig. 2. Probe M32 detected all bands that
were detected by probe M27 at 7.5 and 4.3 kb but none at 4.0
kb (data not shown). The 7.5/4.0-kb M27* pair therefore con-
sists of an exact 51pl sequence at 7.5 kb (variant 1) and a
linked FR3 variant of 51p1 at 4.0 kb (variant 7). These assign-
ments of sequences to hybridization bands indicate that in the
population of 48 people, 83% possessed restriction fragments
shown to contain the 51pl nucleotide sequence, as variant 1,
variant 5, or both, and 96% possessed at least one of the other
11 variants.

Genomic hybridization accurately discriminates nucleotide
sequence variations. Each of the obtained nucleotide sequences
corroborates the results of genomic hybridization to the donor
DNA. These correlations are not an artifact of clone selection
because most clones were identified by screening with only one
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CDR2 probe. All hybridization blanks were explainable by nu-
cleotide mismatches in the cloned target sites. The three alleles
not detected by the CDR1 probe M26, variants 8, 10, and 13
(Table I), contained the same G to A substitution in codon 33
(Fig. 4).

In nearly all instances, the hybridization target sites in a
cloned gene and the probes that detected the gene in genomic
DNA had identical nucleotide sequences. The only two excep-
tions occurred in sequences 110T4M27 and 1d194 assigned,
respectively, to the M27* variants 6 and 8 (Table II). These
sequences each mismatched the 5’ terminal nucleotide of the
detecting probe, M27 (compare Figs. 1 and 4). As previously
demonstrated for similar results with other Vy genes (20, 31),
this finding is consistent with the genomic hybridization data
and the results of clone screening because the postwashing
steps of each were performed at a submaximal stringency that
should have tolerated a terminal nucleotide mismatch. Thus,
when hybridization with probe M27 was postwashed at maxi-
mal stringency, requiring a perfect match between probe M27
and target DNA, the 4.0-kb restriction fragment containing the
sequence of 1d194 in variant 8 was no longer detected (Fig. 6).

Discussion

In this study, we have identified a set of closely related Vy
germline elements that includes the fetally expressed gene
51pl. Our approach was to use sequence-specific genomic hy-
bridization to detect genes containing the CDR sequences of
51pl oranearly identical gene, hv1263. A total of 13 hybridiza-
tion variants was found. The chromosomal organization and
distribution in the population of these variants is consistent
with the conclusion that they comprise an essentially complete
set of alleles to the 51p1 gene. The sequences of the S1p1 allelic
set differ by a limited number of nonconservative substitutions
that could have functional significance. These findings indicate
that the 51pl gene is polymorphic. The implication of this
allelic variation is that individual differences at the 51p1 locus
may be biologically important.

The 13 hybridization variants we identified reside on six
different Taql restriction fragments and, on the basis of distinct
hybridization profiles with a panel of sequence-specific probes,
include several different coding region sequences. Examples
were seen of RFLP and of coding region sequence variations
that existed independently and that occurred together. The
three most prevalent variants, 1, 5, and 7 (Table I) had se-
quences identical or 99.7% identical to 51pl. They each oc-
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A B Figure 6. Confirmation that
a nucleotide variation re-
vealed by sequence analysis
exists in germline DNA.
Genomic DNA from PBL
of two unrelated individ-
uals (lanes / and 2, subjects
3116 and 3124) were di-
gested with Taql and sepa-
rated on a 1% agarose gel.
Both subjects are described
in Table II. Subject 3116
is the source of sequence
1d194, which differs from
probe M27 by a single ter-
minal nucleotide. The gel
was dried and hybridized
with probe M27. (4) After
hybridization, the gel was
postwashed at 57°C (sub-
maximal stringency) and
exposed to film for 4 d. (B)
The same gel as in 4, to
which probe M27 was still
hybridized, was postwashed
a second time at 61.5°C (maximal stringency ) and exposed to film
for 8 d. The band at 4.0 kb in lane / has preferentially washed off,
consistent with a terminal mismatch between the target sequence it
contains, 1d194, and probe M27.
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curred in about half the population and resided on different
Tagql fragments. The next most prevalent was variant 12 (Table
I), which occurred in about one-quarter of individuals and
contained a unique nucleotide sequence encoding a protein
similar to that of hv1263. The exact hv1263 nucleotide se-
quence occurred on two restriction fragments present in 8 and
4% of individuals, respectively, as variants 3 and 9. Variants 10
and 13, present in 17 and 13% of the population, respectively,
contained identical sequences, which differ from 51p1 by seven
nucleotides. The remaining five variants occurred in 2-6% of
individuals, including two, variants 2 and 11, that encode the
same protein as 51pl, and one, variant 4, that encodes the
same protein as hv1263. These data demonstrate that, al-
though this allelically related set of V41 elements is highly poly-
morphic, 51pl-containing elements are dominant, and 6 of the
13 elements, with only four different sequences, comprise the
alleles present in most people.

Previous studies have revealed that a spectrum exists in the
extent and type of polymorphism seen among different V loci.
The V43 gene 20p1 and the single gene of the V6 family are
nonpolymorphic, in that each is present without apparent se-
quence variation on one restriction fragment in all individuals
studied (8, 19, 22, 25, 39, 40). Such V genes have thus under-
gone little evolutionary alteration in their coding regions or
their flanking regions. Other genes, such as the V3 element
1.91I1 (20), several V4 elements (21), and the V;5-2 element
(41), virtually always reside on a characteristic restriction frag-
ment but are absent in a subset of the population. The implied
null alleles indicate that these V; genes occupy locations in the
Vy cluster that, in some chromosomes, have been deleted. A
third type of polymorphism is exemplified by the Vi gene,
VH2-4 (41), which always occupies one of two restriction frag-
ments, considered to be an allelic pair. This polymorphism

likely represents either a flanking region deletion that spared
the V coding region or a flanking region point mutation alter-
ing a restriction enzyme site. The RFLP we have observed
among 51pl, hv1263, and their variants most closely ressmble
this third type of RFLP, but the variants in the present study
reside on a more diverse set of restriction fragments, i.e., six,
than has been previously described for Vy alleles.

In most suitably studied Vy loci, coding region sequence
variation thus far appears to be either absent (e.g., 20p1 and
Vy6) or limited to a few prevalent alleles with nearly identical
sequences (8, 19, 20, 22, 25, 39, 40, 42). We identified nine
distinct nucleotide sequences in the 51pl allelic set and con-
firmed much of their coding region sequence variation by
correlation with genomic hybridization results. The data do
not suggest that additional sequence variation is common
among S1pl and its alleles. In fact, an exact 51pl nucleotide
sequence was obtained from four different genomes ( Table IT).
It remains unknown, however, if each of the 13 variants, as
defined by hybridization, always has the same nucleotide se-
quence or if new variants would be found with additional sub-
jects. Thus, our data are consistent with the growing evidence
that many V genes are quite conserved (20, 22) but our data
broaden the spectrum of both flanking and coding region poly-
morphism seen among proven Vy alleles.

The nine nucleotide sequences derived from the 13 hybrid-
ization variants have open reading frames, and thus all appear
potentially expressible. The encoded amino acid changes that
distinguish the sequences include three nonconservative sub-
stitutions in the CDR and one in FR3. These differences might
be functionally significant because single amino acid changes
can significantly alter germline-encoded specificity (43) or
specificity for an autoantigen (44). In addition, it is possible
that flanking region regulatory sequences differ among the vari-
ants, in which case alleles that have the same coding region
sequences but reside on different restriction fragments might
be differentially expressed.

Mapping of the human Vy cluster indicates that members
of the different Vy families are highly interspersed (3, 6, 30)
but that the relative chromosomal location of single V loci is
retained among different haplotypes (27, 29, 30, 45). The fact
that S1pl, hv1263, and the related elements are allelically dis-
tributed strongly suggests that these variants are all located in
the same region of the Vy cluster. We have mapped a 51pl
gene and one of its rare alleles, variants 5 and 8, respectively, in
the genome of donor 3116 (Fig. 2, lanes 2) to similar locations
~ 1,000-kb upstream of V46 (30). In addition, a comprehen-
sive map of the Vi genes in the J-proximal 800 kb of chromo-
some 14 did not identify 51pl or any variants highly homolo-
gous to 51pl (45a). These mapping data are consistent with
the conclusion that the 13 variants we have identified probably
occupy similar locations on chromosome 14.

Our data indicate that, within the chromosomal region oc-
cupied by the 51pl allelic set, two distinct loci exist in some
haplotypes, e.g., the two loci of the 7.5/4.0-kb S1pl-related
pair (variants 1 and 7). It is possible that in haplotypes where
only one element was identified by our probes a second locus
might be present. Undetected Vy; segments containing the
same CDR as the 13 variants probably do not exist, however,
because the CDR probes, which are highly specific, never de-
tected elements other than the 13 we described. It is therefore
likely that the single-gene haplotypes do not contain unde-
tected candidate alleles and that the single loci of the 51pl
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allelic set evolved either by deleting one segment from a prede-
cessor two-gene haplotype or by never undergoing duplication.
In a physical map of the J,;-proximal V genes, Shin et al. (27)
described a unique V41 element present in only one of two
otherwise similar haplotypes, indicating that allelic relation-
ships can persist among Vy elements that are adjacent to inser-
tion or deletion polymorphisms. Thus, the most straightfor-
ward interpretation of our data is that the 13 variants we have
identified comprise an essentially complete set of alleles to a
single Vi locus and that in some haplotypes a similar, probably
duplicated Vi element is closely adjacent.

Of the allelic sequences we obtained, only 51p1 has been
reported in the fetally expressed B cell repertoire (8, 46). Be-
cause we found 51pl-containing restriction fragments in 83%
of individuals, it is not surprising that the studied fetal genomes
had at least one 51p1-containing allele. It does not follow, how-
ever, that non-51pl alleles were absent from the studied fetal
genomes because 96% of the individuals we studied had at least
one restriction fragment containing a non-51p1 nucleotide se-
quence. These prevalences reflect the fact that the S1pl-con-
taining 7.5-kb fragment is usually linked to a non-51pl se-
quence on a 4.0-kb fragment. Our data thus indicate that the
fetal genomes thus far studied likely contained both 51p1 and
non-51p1 elements and that fetal expression might favor one
or both of the 51p1 alleles (i.e., variants 1 and 5) over non-
51p1 alleles. The possibility that the apparent bias toward fetal
expression of S1pl is due to small sample size cannot be ex-
cluded.

Several expressed V4 sequences have been reported that are
extremely similar to 51p1. Most encode autoantibodies or are
expressed by CLL. The Kim13.1 antibody, derived from nor-
mal human tonsil, has anticardiolipin specificity and expresses
a Vy gene (Humhal13) that is identical to our sequence
113T4M27, which we found resides on variant 7, the 4.0-kb
fragment of the 7.5/4.0-kb pair (47). It is thus likely that
Kim13.1 expresses an unmutated Vi germline gene distinct
from Sipl. The V4 sequences AND, NEI, and halLR (re-
named from 783c) were expressed by CLL B cell lines (26, 33).
AND is identical to S1pl and NEI and halLR differ only by
single nucleotides in the last codon, which could represent so-
matic junctional modifications of a 51p1 gene. AND, NEI, and
halLR probably derived, therefore, from variants 1 or 5, the
51pl elements we found on 7.5- and 4.3-kb restriction frag-
ments.

The Ab Kim13.1, AND, and NEI carry the V1-associated
idiotype, G6 (48), which has been found in about one-quarter
of CLL (32), one-third of paraprotein IgM RF (49), and 17%
of fetal splenocytes (50). Comparison of these expressed Vy
sequences with their probable germline sources in the 51pl
allelic set indicates that G6 positivity is associated with the
protein sequences of 51p1, which could derive from variants 1,
2,5, or 11 and at least one allele encoding a non-51p| protein,
variant 7. G6-positive Ab can probably also be encoded by V1
genes outside the 51pl1 allelic set, because the V1 proteins of
the G6-positive cryoglobulin IgM RF Sie and Wol differ from
51pl by more residues than would be expected from somatic
substitution alone, i.e., by 38 and 37 amino acids, respectively.
The G6 idiotype therefore appears to be encoded by a subset of
Vil genes that includes, but is not limited to, 51pl and its
alleles.

In conclusion, our data define an allelically related set of
Vy! germline genes whose most prevalent member is the fe-
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tally expressed gene 51p1. The flanking and coding region dif-
ferences that distinguish the alleles could be functionally signifi-
cant. The actual propensity for each allele to be rearranged or
expressed in the normal repertoire, autoimmune states, or B
cell neoplasia is not yet known.
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