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ABSTRACT Antibody genes are assembled from a series of
germ-line gene segments that are juxtaposed during the mat-
uration ofB lymphocytes. Although diversification of the adult
antibody repertoire results in large part from the combinatorial
joining of these gene segments, a restricted set of antibody
heavy chain variable (VH), diversity (DH), and joining (JH)
region gene segments appears preferentially in the human fetal
repertoire. We report here that one of these early-expressed VH
elements (termed VH6) is the most 3' VH gene segment,
positioned 77 kilobases on the 5' side of the JH locus and
immediately adjacent to a set of previously described DH
sequences. In addition to providing a physical map linking
human VH, DH, and JH elements, these results support the view
that the programmed development of the antibody VH reper-
toire is determined in part by the chromosomal position of these
gene segments.

Antibody genes are assembled from a series of discontinuous
germ-line gene segments that are juxtaposed during B-
lymphocyte development (1-3). For human antibody heavy
chains, a series of several hundred variable (VH) region gene
segments (4, 5), at least five diversity (DH) region gene
segments (6, 7), and six functional joining (JH) region gene
segments (6) contribute to the generation of a diverse reper-
toire of antigen combining sites. VH gene sequences can be
grouped into families based on amino acid or nucleotide
sequence similarity (8-10). Members of each family are 80%
or more identical at the nucleotide level. Five human VH gene
families have been defined in this manner (4, 11, 12).
Although combinatorial joining ofgerm-line gene segments

provides an important mechanism for diversification of the
antibody repertoire, a limited set of germ-line VH gene
segments is preferentially expressed during murine fetal
B-cell development (13-15). This observation may partially
explain the fact that B-cell precursors reactive with specific
antigens appear at characteristic times during the develop-
ment of the mammalian immune system (16). The mechanism
responsible for preferential expression of particular VH gene
segments during fetal life is unknown; however, it is provoc-
ative that the VH family (VH7183) that is most frequently
represented in murine fetal B-cell transcripts is positioned at
the centromeric end of the VH locus near the constant region
genes (14). This observation has led to the suggestion that
chromosomal order may in part regulate the timing of
rearrangement of VH gene sequences (13, 14, 17).

In man, as in mouse, a subset of the total VH repertoire is
utilized in the products of fetal B-lineage cells (18, 19). Here
we report that a unique VH gene segment (VH6)1 that con-

tributes to the fetal heavy chain repertoire is the VH gene
segment most proximal to the gene encoding constant region
of the 1L chain (CQ) in the human heavy chain locus and is
positioned 77 kilobases (kb) on the 5' side of the JH region.
In addition, we have isolated genomic clones that link the VH,
DH, and JH gene segments.

MATERIALS AND METHODS

Cosmid Libraries and Library Screening. Construction of a
human genomic DNA library in the cosmid vector pTL5 has
been described (20). We screened 2 x 105 cosmids with the
15P1VH6 cDNA probe (18) by standard methods (20, 21).
Four overlapping cosmids (c3pl, c12.2, cl7pl, and c17p3)
were isolated and mapped preliminarily by using EcoRI and
Cla I digestion (Boehringer Mannheim). Additional mapping
was performed by using a partial digestion method (22) that
involves probing with synthetic oligomers (5'-GCTGAAGC-
CAGTTACCTTCGGAAAAAGAGT-3' and 5'-CATGCTGT-
CCAGGCAGGTAGATGACGACCA-3') complementary to
sequences flanking the Cla I site of the pTL5 vector. A
second cosmid library was prepared with partially digested
Mbo I fragments in the C2RB vector (23) and was screened
by using the it-switch probe (see below) by standard tech-
niques (20, 21). Cosmid cosjL6 was linearized by digestion
with Sal I and mapped by using a partial digestion method (22)
with labeled Sal I-BamHI or Sal I-Nru I fragments of
pBR322 as probes (24).
DNA Probes. The VH-containing EcoRI fragments from

clones 51P1, 56P1, 58P2, and 15P1 (18) were used as probes
for VH1, VH3, VH4, and VH6 gene families, respectively.
Probes for VH2 (12) and VH5 (5) were generously supplied by
T. Honjo (Kyoto University) and Fred Alt (Columbia Uni-
versity). A 6-kb BamHI-HindIII fragment spanning the JH
region (6) was provided by P. Leder (Harvard University). A
2.7-kb BamHI-Pst subclone (pCW101) containing the 5'
region of the constant region of the 8 chain (C8) gene was
provided by M. Belle White (University of Wisconsin). A
,u-switch-region probe (pSM) containing a 2.2-kb Sac I
fragment was provided by R. Wall (University of California-
Los Angeles). The Cla9.5 probe was obtained by purifying
the 9.5-kb Cla I fragment from cosmid c17p3 (above). Probes
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were labeled with 32P to specific activities of >10' cpm/,tg by
using primer-extension procedures (25). In addition, three
oligonucleotide probes (5'-CGCACAGTAATACACGGC-
CGTGTC, 5'-ACAGTAATACACGGCTGTGTCC, and 5'-
TGCACAGTAATACACAGCCGTGTC) corresponding to
the conserved 3' portion of functional human VH gene
segments were labeled with polynucleotide kinase and used
to screen for related sequences in the cosmid DNAs at low
stringency (1 x SSC at 420C; 1 x SSC = 0.15 M NaCl/0.015
M sodium citrate, pH 7.0). The locations of three DH gene
segments (D4, D1, and D2) were assigned by Southern blot
analysis with an oligonucleotide probe (5'-GTGGGGGCTCG-
TGTCACTGTG) encoding the terminal 2 nucleotides of the
5' nonamer recognition signal, the spacer, and the heptamer
recognition signal from the sequence reported by Siebenlist
et al. (7).
DNA Sequencing. Sequence was determined on both

strands of pUC19 (26) subclones by the dideoxynucleotide
chain-termination method with specific oligonucleotide prim-
ers (27).
Genomic Blotting. DNA samples were digested with re-

striction enzymes according to the manufacturers instruc-
tions and subjected to electrophoresis, blotting, and hybrid-
ization at 430C as described (28). High-stringency washes
were performed at 650C in 0.1 x SSC/0.1% sodium dodecyl
sulfate (SDS) for 2-4 hr. For pulsed-field and field-inversion
gel electrophoresis (PFGE and FIGE, respectively), DNA
was prepared in low-melting-point agarose with 106 cells per
plug. Peripheral blood leukocyte DNA was digested with 15-
20 units of BssHII or Eag I per plug overnight as recom-
mended (New England Biolabs). PFGE was performed at 250
V and 40C for 24 hr. The apparatus was modified from that of
Hardy et al. (29) by moving the electrodes 10 cm from the gel,
which resulted in straighter lanes. FIGE was performed at 10
V/cm and 14WC in a submarine apparatus (Bethesda Research
Laboratories) by using a Hoefer PC 750 controller.

RESULTS

The VH6 Gene Segment Is Unique. In a sample of 14
functional VH elements present in transcripts derived from
human fetal B-lineage cells, 13 sequences could be classified

r .~~~6.

FIG. 1. VH6 gene family identified by genomic blot hybridiza-
tion. DNA from 10 unrelated individuals (numbered arbitrarily) was
digested with Bgl I1 and the blot was analyzed with the lSP1 VH
probe (prepared by EcoRI-Ava I digestion). The positions of size
markers are shown at the right in kb.

by nucleotide sequence similarity as VH1, VH3, or VH4-like,
while one sequence, l5Pi, was <75% related to all other
known human VH gene segments (19). Fig. 1 shows that a
probe derived from this VH region detects a single mono-
morphic restriction fragment in DNAs from various individ-
uals. Since this pattern differs from that observed with other
human VH probes (4, 11, 12), clone 15P1 defines another VH
gene family, designated VH6 (4).
The structure of the human VH6 locus was determined by

isolating overlapping cosmid clones with the 15P1 cDNA as
a probe. The inserts derived from these clones together span
75 kb of germ-line DNA (Fig. 2). The sequence of the single
VH6 element contained in these clones is presented in Fig. 3
and includes typical motifs important for transcriptional
regulation (30, 31), a leader exon, an 86-base-pair intervening
sequence, the VH coding exon, and the 3' heptamer and
nonamer sequences that participate in gene rearrangement
(3). The VH6 coding region is identical to that determined for
the cDNA clone l5P1. This result confirms that the restric-
tion fragment shown in Fig. 1 does indeed contain the
functional VH6 gene segment.

In man, VH gene segments derived from various families
are frequently interspersed in close proximity with one
another (4, 11, 12, 32). Two approaches were therefore taken
to find additional VH elements that might be located adjacent
to the VH6 gene segment. (i) Probes derived from all five
human VH families were used to screen for related sequences
in the insert DNAs by low-stringency hybridization and
washing (42°C and 2 x SSC). Only the VH6 gene segment was
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FIG. 2. Restriction map of the human heavy chain locus showing the physical linkage of VH6, DH, JH, C,., and C,. The relative positions
of four overlapping cosmid clones containing the VH6 gene segment with respect to cosu6 containing the human JH and ,u-switch regions are
shown above a scale in kb. The positions of sites for six restriction enzymes are shown with vertical lines at the bottom of the figure. Blocks
of repetitive sequences, identified by probing with labeled human genomic DNA, are found in the region on the 5' side of the VH6 gene segment
as shown. cosU6 also contains repetitive sequences which have not yet been localized. The Cla9.5 probe is the 3' most Cla I fragment in cosmid
17.3 (see text for description).
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GGGTGTTTCACTTTGCTGTTTCCTTTTGTCTCCAG/GTGTCCTGTCACAGGTACAGCTGCAGCAGTCAGGTCCAGGACTGGTGAAGCCCTCGCAGACCCTCTCACTCACCTGTGCCATCTCCGGGGACAGTGTCTCT

1'-- HVI *1c Framework II HNV II HV II-1-1.
35 40 45 50 55 60 65 70 75

S N S A A W N W I R Q S P S R G L E W L G R T Y Y R S K W Y N D Y A V S V K S R I T I N P

Framework III
80 85 90 95 100
D T S K N Q F S L Q L N S V T P E D T A V Y Y C A R
GACACATCCAAGAACCAGTTCTCCCTGCAGCTGAACTCTGTGACTCCCGAGGACACGGCTGTGTATTACTGTGCAAGAGA CACAGTG AGGGGAAGTCAGTGTGAGCCCAG ACACAAACC

FIG. 3. DNA and amino acid sequence of the human VH6 germ-line gene. Codons are numbered sequentially with the conceptual translation
product presented in single letter code above the nucleotide sequence. The positions of conventionally defined leader, framework, and
hypervariable regions are noted above the sequence. The octamer and TATA transcription signals, as well as the heptamer and nonamer
recombination signals, are double-underlined. Two G + C-rich inverted repeats of unknown significance are underlined on the 5' side of the
octamer. The 3' pan VH nucleotide sequence that is strongly conserved in >95% of functional VH germ-line genes (data not shown) and that
was used as a probe for other VH sequences adjacent to the VH6 gene is underlined at the 3' end.

identified by using this method. (ii) An oligonucleotide probe
corresponding to the conserved 3' portion of human VH gene
segments was used in similar hybridization experiments.
Again, only the VH6 element was detected. We conclude that
the VH6 gene family consists of a single element positioned
in apparent isolation.

Localization of the VH6 Gene Segment by PFGE and FIGE.
Most of the VH gene segments that are expressed in murine
fetal pre-B cells are members of a single family (VH7183) and
are positioned at the 3' (C,-proximal) end of the VH locus
(14). Since the VH6 gene is represented in human fetal
antibody transcripts, we used PFGE and FIGE techniques to
determine if this single-copy element is positioned adjacent to
the human C,, gene. Fig. 4A demonstrates that partial
digestion of human leukocyte DNA with BssHII yields a
520-kb fragment that hybridizes with the VH6 probe, a 9.5-kb
Cla I probe (Cla9.5) positioned 30 kb on the 3' side of the VH6
gene segments (Fig. 2), and with probes containing the human
JH gene segments and the C8 gene.' A 370-kb fragment is
detected with the Cla9.5, JH, and C, probes. Partial digestion

A B

of leukocyte DNA with Eag I (Fig. 4B) yields a 300-kb
fragment with all probes tested. The Cla9.5 and JH probes
both detect an Eag I fragment of <50 kb (Fig. 4B). A more
detailed analysis with FIGE linked the VH6 flanking region
and the JH region on a single 35-kb Eag I fragment (Fig. 4C)
not detected with either VH6 or Can probes. The positions of
the Eag I sites within our VH6 cosmids and within the JH
region are known. The partial digestion observed may be due
to variable methylation in the mixture of blood cell types used
as a source for DNA or to' enzyme site preferences. A
summary long-range map of the region surrounding VH6,
derived from the data in Fig. 4 and diagrammed in Fig. 5,
demonstrates that the human VH6 gene segment is located
<80 kb from the JH cluster.

Isolation of Clones Linking VH6 with JH Gene Segments.
Assembly of functional heavy chain genes requires primary
juxtaposition ofDH and JH gene segments followed byjoining
of a VH gene segment to this rearranged D-JH element (1-3).
Considerable evidence supports the view' that these rear-
rangements' occur by deletion of intervening DNA (3). Thus

C
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FIG. 4. PFGE analysis of the VH6 region. (A) Hybridization of the indicated probes to DNA partially digested with BssHII. The positions
of A concatamer size markers (monomer 43 kb) are shown at the right with fragment sizes identified on the left. (B) Hybridization of the same
set ofprobes to DNA partially digested with Eag I. The positions of size markers are shown at the right. (C) Probes Cla9.5 and jH detect a common
35-kb Eag I fragment. Separation of the restriction fragments was achieved by FIGE.
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FIG. 5. Long-range map of the human VH-DH-JH region. The data shown in Fig. 4 were used to assemble a genomic restriction map. Lines
above the map indicate positions of hybridized BssHII fragments, lines below indicate positions of hybridized Eag I fragments. B, BssHII; E,
Eag I. Due to variable methylation, not all BssHII and Eag I sites are indicated. Sites that were frequently variably cut are indicated in
parenthesis. Absolute sizes are approximate, except where the presence of restriction sites has been directly confirmed by cloning (Fig. 2).

the <80 kb of DNA separating the VH6 gene segment from
the JH gene segment should contain multiple DH sequences.
In man, a single DH segment (DHQS2) has been positioned
100 base pairs on the 5' side of the JH1 segment (6). An
additional set of four germ-line DH sequences (D1-4) has
been identified on a 33-kb segment of unlinked DNA, defined
by overlapping genomic clones (7). To test for the presence
of DH gene segments adjacent to the VH6 gene segment, we
used an oligonucleotide complementary to the heptamer and
5' spacer of the human D1-4 elements. Three putative D
segments were identified by hybridization with this oligomer
(Fig. 2). The sequence of the 3'-most putative DH from
cosmid c17p3 was determined (data not shown) and found to
be identical to that ofD2 reported by Siebenlist et al. (7). The
restriction map of cosmid clones 12p2 and c17p3 agrees with
that reported by Siebenlist et al. (7) throughout a 20-kb
overlapping region.
To verify that the VH6-DH region is in fact linked to the JH

locus, a A-switch-region probe was used to screen a second
cosmid library. A single clone was isolated (cosp6) that spans
the distance from the 3' end of the V46-containing cosmid
c17p3 to the 5' end of the C -switch region. A complete
restriction map of the VH6, BH, and JH regions in man,
deduced from our overlapping clones and spanning 120 kb of
germ-line DNA, is presented in Fig. 2. Identical BamHI and
HindIII restriction sites were identified in the region of
overlap of c17p3 and cosjt6 (data not shown). The map is in
agreement with results of long-range mapping studies (Fig. 5
and ref. 4) and is in good agreement with the published map
of the human DH and JH regions (6, 7, 33). An additional
EcoRI site immediately on the 3' side of D3 reported by
Siebenlist et al. (7) is polymorphic in the human population
(data not shown) and is not present in cosu6. Note that the
human VH6, DH, and JH gene segments are all positioned in
the same transcriptional orientation, the expected result
given the predominance of deletional rearrangements in the
heavy chain locus (3). Finally, since the VH6 gene segment is
positioned within 20 kb of the D4 gene segment and since no
additional VH gene sequences are found in this region, we can
state with some confidence that the human VH6 gene segment
is the most 3' VH sequence in the human genome and is
located 77 kb on the 5' side of the JH cluster.

DISCUSSION

The human VH6 gene segment was first identified as a
component of the quite restricted human fetal antibody

repertoire (18, 19). We have now demonstrated that this gene
segment, similar to those that are expressed early in murine
fetal immune development (13-15), is positioned at the 3' end
of the VH locus, adjacent to the C gene. Berman et al. (4)
have provided a lower-resolution P1;GE map ofthe VH locus,

which is in agreement with the cloning studies reported here.
While these results are consistent with the view that chro-
mosomal position directs the early development of the VH
repertoire, the VH6 gene segment was not the most frequently
encountered sequence in human fetal samples. Instead,
members of the much larger human VH3 gene family were
repeatedly identified in developing human B lymphocytes
(18). In addition, the VHS gene family has been positioned 160
kb on the 5' side of the JH locus and seemingly on the 3' side
ofany VH3 elements (12). Despite this relatively JH-proximal
location, no VH5 sequences were found in the early human
repertoire (18, 19). Thus factors other than chromosomal
position almost certainly contribute to the biased utilization
of particular VH gene segments in developing human B
lymphocytes.
Although physical linkage of VH, DH, and JH gene seg-

ments has not been achieved in any other mammalian
species, three DH gene families (DFL, DSP, and DQ52)
containing a total of 12 elements have been identified in an
80-kb region on the 5' side of the murine JH locus (33). In
addition, Matsuda et al. (34) have characterized human
genomic DH gene segments and have linked the D1-4 and JH
regions on a series of cosmid clones analogous to those
reported here. Striking parallels are seen in the content and
organization of DH gene segments in man as compared with
mouse. The human DH region identified here and indepen-
dently by Matsuda et al. (34) spans -70 kb and is bounded at
the 3' end by the DHQ52 gene segment, which is closely
related to a similarly positioned and identically named D gene
segment in the mouse. The murine DFL family and members
of the human DFL equivalent (D1-D4) are at the 5' end of this
part of the D locus in both species (Fig. 2 and ref. 33). Some
members of the DSP family in the mouse are interspersed
with DFL members, but the majority are clustered in the
middle of the locus. No human DSP-like elements have been
reported, although analysis of functional heavy chain tran-
scripts supports the existence of these sequences in the
genome (18). Studies by ourselves and others indicate that
there are many as yet undefined germ-line DH gene segments
in man, some of which almost certainly reside in the region
between VH6 and JH but were not detected with the DH
oligomer as a result of sequence variability in the region

B
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surrounding the heptamer recognition sequence. For exam-
ple, the functionally rearranged VH6 gene segment in clone
15P1, which by virtue of its 3' location uses a DH sequence
that must be presumed to lie within the 77-kb DH region
defined here, nevertheless includes DH sequences that do not
correspond to any existing germ-line element. Other DH
sequences are apparently distributed in more 5' positions
within the VH locus (34).
We have reported (18, 19) that the earliest-appearing VH

gene segments in man and mouse are structurally quite
similar and have now demonstrated that at least some ofthese
gene segments occupy similar C,,-proximal positions within
the VH loci of both species. These results indicate that the
earliest events in antibody diversification have been con-
served in man and mouse to a remarkable degree and further
suggest that selection of appropriate VH elements during
early repertoire assembly may be crucially important for
satisfactory development of humoral immunity (17). From
this perspective, it will be interesting to identify human
antibodies of defined specificities that employ the VH6 gene
segment.
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