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Summary

We have investigated the extent of genetic variation and the number of germ-line heavy-chain-variable (VH)
genes to obtain information on the organization and repertoire of the VH genes. Our studies revealed ex-

tensive genetic variation in this region, indicated by restriction-endonuclease site polymorphisms. Analysis
of the distribution of selected polymorphic loci revealed evidence of linkage disequilibrium, particularly be-
tween VH2 and VH3 subclass loci, indicating that the subclasses are interdispersed in the human germ-line
chromosome. Absolute correlation was detected between alleles of a VH2 locus and the alleles of three
VH3 loci, evidence for an extra set of VH genes, which are present in 48% of the Caucasian population.
A preliminary estimate of the number of VH genes, approximately 50, indicates a smaller number of VH
genes than suggested by the amount of protein variation. The extensive genetic variation we have observed
may be associated with genetic differences in the immune response and potentially with variable susceptibil-
ity to autoimmune disorders.

Introduction

Immunoglobulins are composed of two types of poly-
peptide chain, the heavy (H) and the light (L), each of
which contains a variable (V) region encoding the
NH2 terminus attached to a COOH terminal con-
stant (C) region. The antigen specificity of an anti-
body molecule is determined by the amino acid se-
quence of the variable region. The variable region of
the heavy-chain peptide of the antibody is coded by
the sequences of three "minigenes"-the VH region
sequences, diversity (D) region sequences, and joining
(J) region sequences, each selected from a pool of
such genes (for review, see Tonegawa 1983; Yan-
copoulos and Alt 1986).
The VH genes have been subdivided into three sub-

classes based upon protein and DNA homologies-
subclasses VH1, VH2, and VH3 (Kabat et al. 1983).
Genes within a VH family generally share >80% se-
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quence homology while the sequence homology be-
tween VH subclasses is generally <70% (Brodeur
and Riblet 1984). While protein sequence data sug-
gest that the VH repertoire may be large, perhaps
more than 140 genes (Kabat et al. 1983), the organi-
zation of the VH gene region and the exact number of
germ-line VH genes are unknown.
We searched for polymorphisms in the VH3 and

VH2 subclasses to characterize VH genetic variation
and as an approach to the study of VH gene organi-
zation. The distributions of the alleles of six selected
VH polymorphisms were studied in 10 3-generation
normal Canadian Caucasian families and 10 2-gen-
eration families. We present here a map of these VH
loci based upon the degree of correlation found be-
tween the alleles of these loci. Second, we have ob-
tained an estimate of the extent of the VH gene reper-
toire, at the DNA level, of the VH1, VH2, and VH3
subclasses.

Material and Methods

DNA was obtained from peripheral blood as de-
scribed elsewhere (Linsley et al. 1983). (Leukocytes
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were an appropriate source of DNA for the study of
unrearranged VH genes because leukocyte DNA and
fibroblast DNA digested with restriction endonu-
cleases and hybridized with VH gene probes showed
identical hybridizing fragments). Three micrograms
of DNA was digested with 3U restriction endonu-
clease/,g in manufacturer's recommended buffer
overnight and electrophoresed in 0.8% agarose gels
(with 0.8 pug/ml ethidium bromide) for 1,200-1,600
volt/hours. Gels were then treated with 0.25 N HCO
for 15 min and transferred to Hybond® nylon mem-
brane according to manufacturer's recommenda-
tions. Filters were baked for 2 h, prehybridized for
>1 h, and hybridized at 42 C for 18-24 h with 2-5
x 106 cpm of nick-translated probe/ml of hybridiza-
tion solution. Prehybridization and hybridization so-
lutions were as decribed elsewhere (Linsley et al.
1983). Filters were washed in 2 x SSC for 1/2 h and
twice for 1 h in 0.1 x SSC, 0.1% SDS at 50 C.
Autoradiography was done at - 70 C overnight.
DNA probes used in this study were as follows:

VH26-8, a VH3 gene probe that was a gift of T.
Rabbitts (Matthyssens and Rabbitts 1980); VHE2.2,
a 2.2-kb EcoRI fragment flanking VH26-8 and de-
rived from X VH26, the latter also a gift of T. Rab-
bitts (Matthyssens and Rabbitts, 1980); VCE-1, a
cloned VH2 subclass gene that was a gift of T. Honjo
(Takahashi et al. 1984); VH2.EB1.2, a 1.2-kb EcoRII
BamHI fragment derived from VCE-1 that no longer
contains JH sequences; and VE3-D10, a cloned VH1
subclass gene that was a gift of T. Honjo (Noma et al.
1984).

Results

VH3 Polymorphisms
DNA extracted from leukocytes of six random

Canadian Caucasian individuals was digested with
10 restriction endonucleases to detect VH-region
polymorphic loci. VHE2.2 detected polymorphisms
with the following restriction enzymes: EcoRI, Sad
(discussed below), ApaI (Walter et al. 1987), HindIII,
AvaII, RsaI, TaqI, and Bg!I. Variation in intensity
between bands was observed and can be explained by
VH genes having differing degrees of homology with
the probe. The greatest variation of VH3 genes was
observed with EcoRI, which was therefore selected
for further study. The three EcoRI polymorphic loci
were designated loci 1, 2, and 3 (fig. 1). Locus 1 has a
6.7-kb fragment with no allelic counterpart. Locus 2
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Figure I Autoradiograph of polymorphic human VH region
loci. Lanes labeled "VH3" indicate EcoRI-digested DNA probed
with VHE2.2. Lanes labeled "VH2" indicate BglII-digested DNA
probed with VCE-1-

has two alleles-a 6.0- and a 4.6-kb fragment. Locus
3 was scored as the presence or absence of a 3.5-kb
fragment. No variation was observed in digests with
XbaI or BamHI. The high degree of polymorphism
observed in the VH region may be due in part to
several enzymes detecting the same difference in gene
number or to the large number of genes a probe de-
tects.

VH2 Polymorphisms

VCEI1 was used to probe similar panels of ran-
dom individuals' DNA digested with 12 different
enzymes. The probe detected polymorphisms with
BgIH, EcoRI, ApaI, HindIII, XbaI, MspI, RsaI,
AvaII, and TaqI. Bg1I revealed the greatest variabil-
ity with three VH2 subclass polymorphic loci, as de-
scribed elsewhere (Johnson et al. 1984). These were
designated here as loci 4, 5, and 6 (fig. 1) and were
selected for further analysis. Locus 4 has a 12.0-kb
fragment with no allelic counterpart. Locus 5 has two
alleles-a 7.5- and a 7.0-kb form. Locus 6 has one
detectable allele-a 3.4-kb fragment. No VH2 poly-
morphic loci were detected in digests with BamHI,
PstI, or Sad.

Analysis of the distribution of these six loci in 10
3-generation Canadian Caucasian families and five
2-generation families, yielding 134 independent chro-
mosomes, confirmed allelic designations. Allelic fre-
quencies are shown in table 1. Segregation of the
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Table I Table 2

Allelic Designations and Frequencies of Six VH-Region
Polymorphic Loci

Enzyme (Subclass) Allelesb Average ± SE
and Locusa (kb) Frequency

EcoRI (VH3):
1 .................. 6.7 .28 ± .04

0 .72 + .04
2 .................. 6.0 .83 ± .03

4.6 .17 ± .03
3 .................. 3.5 .87 + .03

0 .13 ±.03
BglII (VH2):
4 .................. 12.0 .28 ± .04

0 .72 + .04
5 .................. 7.5 .94 + .02

7.0 .06 ± .02
6 .................. 3.4 .45 ± .04

0 .55 + .04

a Loci 1-3 are polymorphisms detected in EcoRI-digested DNA
with probe VHE2.2; loci 4-6 are polymorphisms detected in BgtH1-
digested DNA with probe VCE-I-

b Fragment sizes were determined from measurements of a
minimum of five similarly probed filters. A zero indicates that an
allelic counterpart to the polymorphic band could not be found.

allelic combinations (haplotypes) was compatible
with a lack of recombination between VH poly-
morphic loci in all families studied. The alleles of all
six loci were in Hardy-Weinberg equilibrium. The
allele frequencies of locus 6 were found to be statisti-
cally different from those elsewhere reported for this
locus (Johnson et al. 1984). This discrepancy could
be due to different sample populations or to technical
differences, since we found that consistent scoring of
allelic dosage was possible only with 50 C washes,
not with the 65 C washes used elsewhere (Johnson et
al. 1984). Any results determined by allele dosage
were obtained by comparison of the relevant poly-
morphic band with constant bands within the same
lane.

VH Linkage Disequilibrium

The distributions of the alleles of the six VH3 and
VH2 polymorphic loci on the 134 chromosomes gen-
erated from our family data were analyzed for the
presence of linkage disequilibrium as revealed by
tests of significant correlations. x2 Analysis of all
pairwise combinations of the six loci in 2 x 2 contin-
gency tables was carried out, and the uncorrected
correlations (calculated as r = [X2In] 1/2) are sum-
marized in table 2. Statistical significance was consid-
ered as P < .05, determined by x2 analysis or by

Correlation Coefficients and Associated Probabilities of
Pairwise Comparisons of Six Polymorphic Loci

VH3 Loci VH2 Loci

1 2 3 4 5 6

VH3:
1 ... .2a .17a 1.OOa .16 .06
2 ... .02 .11 .21 .22a .06
3 ... .04 .13 .17a .02 .03

VH2:
4... 6 X 10 -34 .02 .04 .16 .06
S ... .07 .02 .80 .07 .04
6 ... .50 .50 .70 .50 .60

NoTE.-Numbers in the upper right are correlation coefficients,
numbers in the lower left are the probability that these values
could occur randomly.

a Significant at P < .05.

Fisher's exact method when appropriate (Steel and
Torrie, pp. 504-506). Linkage disequilibrium was
found in the VH region, as in the heavy-chain con-
stant region (Bech-Hansen et al. 1983). Six correla-
tions were significant (table 2). Four involve a VH2
locus in linkage disequilibrium with a VH3 locus.

Other VH Polymorphisms

Two other VH3 polymorphisms-a 6.6-kb Sad
fragment detected with VHE2.2 and a 2.7-kb HindIII
fragment detected with VH26-8 (fig. 2)-also were
analyzed through family studies (Walter and Cox
1986). A preliminary analysis of allelic distributions
in more than 25 independent chromosomes revealed
that these polymorphisms also show a correlation of
1.00 at P < .05 with loci 1 and 4.

VH Gene Number
Our data were also used to estimate the number of

germ-line VH genes. A number of assumptions were
necessary for our approach. As VH genes are small
(<0.5 kb) (Matthyssens and Rabbitts 1980) and the
regions between genes are large (on average 17 kb
[Kodaira et al. 1986]), hexameric restriction endo-
nucleases should usually recognize sites between,
rather than within, genes. The number of bands de-
tected in the DNA of six random individuals av-
eraged for several hexameric restriction enzymes
should, therefore, equal the number of genes detected
by the given probe. This assumes that the probes used
are specific for one subclass only and detect all mem-
bers of that subclass at low stringency conditions.
Intensity differences between bands presumably re-
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Figure 2 Autoradiograph of VH3 polymorphic loci in link-
age disequilibrium with loci 1 and 4. Lanes labeled "Hind III" are

DNA digested with restriction enzyme HindIll and probed with
VH26-8. Lanes labeled "Sac I" are DNA samples digested with
enzyme Sad and probed with VHE2.2. Plus signs (+) and minus
signs (-) refer to the presence and absence of the polymorphic
fragments, respectively.

flect differing degrees of homology to the probe, as

born out in experiments where fainter bands are usu-

ally lost first as the stringency is increased (data not
shown). As polymorphisms are known to exist from
our studies, the number obtained from this method
will overestimate the actual VH gene number.
The number of bands observed for a series of en-

zymes for all three VH subclasses is shown in table
3. VE3oD10 was used as the VH1 subclass probe;
VH2.EB1.2 was used as the VH2 subclass probe;
VH26-8 was used as the VH3 subclass probe. None
of these probes contained JH sequences. As estimated
by this method, there are -17 VH1 genes, 7 VH2
genes, and 24 VH3 genes, totaling 48.4 + 4.3 VH
genes of these VH subclasses.

Discussion

Our analysis of VH polymorphic loci demon-
strated that linkage disequilibrium occurs in the VH
region. In four cases, an association was observed
between VH3 and VH2 subclass polymorphic loci. A

Table 3

Germ-Une Number of VH Genes

Average ± SE No.
Subclassa Restriction Enzymes of Genesb

VH1 ....... BglII, BamHI, EcoRI, 17.4 ± 1.4
HindIll, XbaI, Sad,
ApaI

VH2 ....... BglII, BamHI, EcoRI, 6.8 ± 0.4
HindIII, XbaI, Sad,
ApaI, PstI

VH3 ....... EcoRI, BamHI, XbaI, 24.2 ± 0.9
Sad, HindIII, ApaI

Total .... 48.4 ± 4.3

a VE3 D1O was the VH1 subclass probe; VH2.EB1.2 was the VH2
subclass probe; VH26-8 was the VH3 subclass probe.

b Bands were counted as single genes under the assumptions
outlined in the text.

likely explanation is that the loci involved are physi-
cally close or adjacent, suggesting that the genes of
the VH2 and VH3 subgroups are interdispersed, as
are the genes for the human VK subclasses (Pech and
Zachau 1984). This explanation is consistent with
the recent discovery of genes of different subclasses
interdispersed in clusters, on overlapping cosmid
clones (Kodaira et al. 1986). This organization is dif-
ferent than that found in the mouse, where genes
within the 7-10 VH subclasses (Brodeur and Riblet
1984) are distinctly clustered (Kemp et al. 1981; Re-
chavi et al. 1982; Yancopoulos et al. 1984).
The presence of linkage disequilibrium in the VH

region yields insight into the organization of the VH-
gene cluster. Based upon the degree of correlation
observed between VH polymorphic loci, a "correla-
tion map" of some of the polymorphic loci has been
constructed (fig. 3). Similar studies have been used
for CH gene order, which proved consistent with
cosmid cloning data (Bech-Hansen et al. 1983). To
determine whether the degree of correlation between
loci on this map is an indication of the physical rela-
tion of these loci, the distances between these loci are
being determined by pulsed-field gel electrophoresis.

1 (VH3)
3(VH3) 4(VH2) 2(VH3) 5(VH2)

t1ii~~ 0.17 0.21 - 0.22
Figure 3 Correlation map of VH polymorphic loci. This
figure only includes significant correlations; nonsignificant correla-
tion values are given in table 2. The ordering shown was deter-
mined by the strength of the correlations between pairs of VH
genes. The broadness of the confidence intervals of these correla-
tion values allows other possible orderings.
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Interestingly, the linkage disequilibrium between
locus 1 (VH3) and locus 4 (VH2) is absolute, suggest-
ing that these loci must be very close, perhaps adja-
cent. Experiments in which VHE2.2 was used to
probe BglII-digested DNA and VCE-1 was used to
probe EcoRI-digested DNA did not reveal cross
homologies of the bands in question (data not
shown). Thus the observations are not due to probe
cross homologies. Furthermore, two other VH3 poly-
morphisms-the 6.6-kb Sad fragment detected with
VHE2.2 and a 2.7-kb HindIII fragment detected with
VH26-8-also show total correlation with loci 1 and
4. Turnbull and co-workers (Turnbull et al. 1987)
independently demonstrated that the 2.7-kb HindIII
polymorphism and locus 1 (which they refer to as
HE7.3) were in tight linkage disequilibrium. We
could not find allelic bands for locus 1, locus 4, the
6.6-kb Sad fragment, or the 2.7-kb HindIII frag-
ment. We suggest that the occurrence of an extra set
of VH genes, perhaps generated by gene duplication
followed by divergence, is consistent with these
findings. This extra set of genes, involving a VH2
gene and at least one VH3 gene, occurs in at least one
chromosome in 48% of the normal Caucasian popu-
lation. The implication that a subset of the normal
Caucasian population could have "extra" VH genes,
potentially expanding their antibody repertoire,
could have practical consequences.
Our data were also used to estimate the number of

germ-line VH genes. There are 32, 13, and 91 known
protein variants of VH1, VH2, and VH3 subclasses,
respectively (Kabat et al. 1983), or approximately
140 in total. As somatic mutation increases the num-
ber of protein variants (Tonegawa 1983) and has
been estimated as 10,000-fold greater in B lympho-
cytes than the normal spontaneous mutation rate
(Meyer et al. 1986), these numbers are thought to be
overestimates of the actual germ-line gene number.
Our experiments were conducted on unrearranged
chromosomes to avoid this problem.
Our results suggest that there are approximately

17 VH1 genes, 7 VH2 genes, and 24 VH3 genes,
totaling 48.4 + 4.3 VH genes belonging to these
VH subclasses. This is a smaller number than protein
data indicate. The difference between these estimates
of VH gene number is due not only to somatic muta-
tion but also to the extent of genetic variation present
in the population.
Our estimate of the number of VH genes in hu-

mans, while inexact, contrasts sharply with that in
the mouse, where the number of genes in one of the

murine VH subclasses has been estimated as approxi-
mately 1,000 (Livant et al. 1986). The number and
organizational differences between these species sug-
gests that the evolution of VH genes in mouse and
man has apparently been very different.

Historically, analysis of association between im-
mune disorders and potential genetic differences in
antibody structure has relied on Gm types, genetic
markers of the CH region, despite the fact that differ-
ences in VH repertoires are more likely to be involved
in immunological disorders. This was due to the ab-
sence of suitable well-characterized and useful VH
markers. We have used the VH polymorphic loci to
generate insight into VH gene organization. How-
ever, the six polymorphic VH loci described in this
paper are also excellent candidates for association
studies. Our use of a probe flanking a VH3 gene
simplifies the DNA hybridization patterns obtained,
in contrast to the extremely complex ones obtained
using a VH3 gene probe (Turnbull et al. 1987). Po-
tential disease predispositions and susceptibilities can
now be examined in relation to differences in the
germ-line VH region of antibodies.
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