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The Organization of the Human 
lmmunoglobulin Gene Locus 

Kazuhiko Kawasaki, 1,2 Shinsei Minoshima, 1 Kevin Schooler, 2 
Jun Kudoh, 1 Shuichi Asakawa, 1 Pieter J. de Jong, 3 and 

Nobuyoshi Shimizu 1'2'4 

1Department of Molecular Biology, Keio University, School of Medicine, Shinjuku, Tokyo 160, Japan; 
2Department of Molecular and Cellular Biology, University of Arizona, Tucson, Arizona 85721; 3Human 

Genetics Department, Roswell Park Cancer Institute, Buffalo, New York 14263 

To elucidate the complex structure of the human immunoglobulin ~ gene locus, a 1020-kb contig was 
constructed using 184 cosmid clones and one bacterial artificial chromosome [BAC} clone. A high-resolution 
physical map of this contig revealed that the entire X gene locus is 911 kb in length, it contains seven constant 
region (CA} gene segments and 69 unique EcoRI-Hindill segments that hybridize to variable region gene (V~} 
probes. The VpreB gene, BCRL4, and ~glutamyl transpeptidase gene [GGT)-like sequences are also located 
within the X gene locus. Hybridization analysis suggested that the X gene locus has undergone extensive 
amplification events in evolution. 

Immunog lobu l in  molecules are composed of 
light (L) and heavy (H) chains, each consisting of 
variable (V) and constant (C) regions. There are 
two types of light chains, ~ and ~,, each encoded 
by separate genes on different chromosomes 
(Tonegawa 1983; Lai et al. 1989). Although the 
human  V H locus (Matsuda et al. 1993; Cook et al. 
1994) and the V~ locus (Zachau 1993) have been 
studied extensively, little is known about the Vx 
locus, located within the chromosome 22ql  1 re- 
gion (Lai et al. 1989). 

A 124-kb region, including the Cx locus, has 
been precisely described in detail (Combriato and 
Klobeck 1991). It contains five Vx and seven Cx 
gene (pseudogene) segments, and each Cx is pre- 
ceded by a single joining region (Jx; carboxyl por- 
tion of the V region) gene segment (Vasicek and 
Leder 1990). However, pulsed-field gel electro- 
phoresis (PFGE) mapping suggested that the en- 
tire )~ gene locus was >124 kb, and it appeared 
that the V x gene subgroups apparently cluster 
along the locus (McDermid et al. 1993). The ex- 
tensive repertoire of Vx gene segments (Kabat et 
al. 1991) suggests that the majority of the locus 
has yet to be described. The VpreB gene (Bauer et 
al. 1988a), BCRL4 (Croce et al. 1987), and a y-glu- 

4Corresponding author. 
E-MAIL shimizu@dmb.med.keio.ac.jp; FAX (81)-3-3351-2370. 

tamyl transpeptidase gene (GGT)-like sequence 
(Heisterkamp and Groffen 1988; Morris et al. 
1993) have also been localized close to the V x 
locus (Kawasaki et al. 1994). 

To precisely analyze these complex loci, we 
had previously employed the "shotgun PCR" 
method (Kawasaki et al. 1992a). A 1.4-Mb NotI 
fragment containing the )~ gene locus was iso- 
lated from flow-sorted human chromosome 22 
(Minoshima et al. 1990; Kawasaki et al. 1992b). 
Small DNA fragments (-300 bp) were then am- 
plified from the NotI fragment by linker ligation 
PCR. Using these DNA fragments and other DNA 
probes, we isolated yeast artificial chromosomes 
(YACs) encompassing the region. Hybridization 
of these YACs to a ch romosome  22-specific 
cosmid library, f ingerpr in t ing  the ob ta ined  
clones, and subsequent chromosome walking 
with cosmid clones and bacterial artificial chro- 
mosome (BAC; Shizuya et al. 1992) clones en- 
abled us to construct a contig of 1020 kb in 
length. A high-resolution physical map of this 
contig elucidated the locations of 69 unique 
EcoRI-HindIII segments after probing with four 
distinct Vx probes. The VpreB gene, BCRL4, and a 
GGT-like sequence were also localized within the 
contig. Southern analysis suggested the evolu- 
t ionary history that  the ~, gene locus was in- 
volved in extensive amplification. 
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RESULTS 

A YAC Contig 

Three probes, D22S10, 12D5, and HuC;L2, were 
used to screen YAC libraries. This resulted in the 
isolation of four YACs (yS10-8, yS10-1, yCk-11, 
and yCk-5) from a RIKEN library and two YACs 
(191All and 35B2) from a CEPH library. The 
YAC ends were then subcloned and used to de- 
termine overlap, resulting in contiguous YAC or- 
dering (Fig. 1). 

Southern hybridization using two V~ probes, 
pHk6 and V~,3C4, confirmed the order of YAC 
clones (Fig. 2). Only one band, a 3.3-kb fragment 
in the genomic DNA (arrowhead in Fig. 2a), is 
missing from the YAC contig. This suggests that  
>95% of the V~ gene segments detected by these 
probes are included in the YAC contig. 

Generation of Cosmid Contigs 

Some of the YAC clones (yS10-1 and yS10-8) were 
unstable and/or chimeric. Hence, a chromosome 
22-specific cosmid library, consisting of 12,480 
clones, was screened with four YACs and four dis- 
tinct V~ probes, pHk6, Vk3C4, 4A, and Vk2.DS. 
The YAC probes yS10-1, 35B2, 191All, and yC~,- 
11 detected 368, 338, 310, and 230 cosmid 
clones, respectively. The four Vx probes detected 
a total of 196 clones. A large portion of these 
clones were positive for two or more probes and 
a total of 569 unique clones were identified. 

Fingerprinting of these cosmids generated 
four contigs within the ~ gene locus (Fig. 3, con- 

v~, 

y$10-8  = , , = = = = = = = = = = = = = =  

ySlO-1 ~ , 

con I 

35B2 
100.kb 191All 

! I . m  
| m  

rigs I-1, II-1, II-2, and II-3) consisting of 148 
clones. The overlapping of these 148 clones cor- 
roborates the size of this cosmid library (7.4x 
equivalent of chromosome 22). A large portion of 
the other cosmid clones (i.e., 421 clones; 569 
YAC-positive clones minus 148 clones in the 
locus) formed several contigs of related sequences 
for the C~ gene (McDermid et al. 1993), BCR 
(Croce et al. 1987) or GGT (Heisterkamp and 
Groffen 1988; Morris et al. 1993) (data not  
shown). 

Chromosome Walking 

To link these four contigs, chromosome walking 
was initiated from each terminus, generating two 
large cosmid contigs (Fig. 3, contigs I and II) con- 
sisting of 184 clones. A BAC library (29,952 
clones with an average insert size of 110 kb) was 
then screened to fill the gap between these two 
contigs using the proximal end of contig I and 
the distal end of contig II as probes. One BAC 
clone, 288A10 (Fig. 3), was detected by both of 
these probes. 

High-resolution Physical Map 

A high-resolu t ion  restr ict ion map was con- 
structed by partial digestion analysis of the 69 
favorably overlapping cosmid clones and the sin- 
gle BAC clone (Fig. 4). A previous report revealed 
variation in the number of C~ gene segments 
(Taub et al. 1983). Comparing the obtained re- 
striction map to a recent investigation (Vasicek 

yC~.-11 
. . . . . . .  yC~.-5 

contig II contig I 

Figure 1 A YAC contig map within the ~. gene locus. (Top) Locations of the V~ 
(open box) and Cz (solid box) loci and two probes, D22S10 and 12D5. Six YACs 
(35B2, yS10-1, yS10-8, 191All,  yC;L-11, and yC;L-5) are represented with solid 
lines and broken lines in which chimeric regions are found. Five YAC ends (both 
termini of yS10-1 and one terminal each of yS10-8, yCZ-11, and yCZ-5) were 
subcloned from ;~ phage libraries constructed from Hindlll digests of total transfor- 
mant DNAs. Both ends of yS10-1 and the proximal end of yC;L-11 (vertical bars) 
were mapped to chromosome 22 by using somatic cell hybrids or by fluorescent in 
situ hybridization analysis (FISH; Kawasaki et al. 1992b). Locations of cosmid con- 
rigs I and II (see Fig. 3) are also represented with horizontal lines. 

and Leder 1990), seven 
J~ and C~ gene segments 
(Fig. 4, JC1-7) are local- 
ized. The four Vx probes 
hybridized to a total of 
69 unique EcoRI-HindIII 
segments  with various 
signal intensities (Fig. 5). 
These  s e g m e n t s  have  
been tentatively named 
1-69 (Figs. 4 and  5). 
Southern hybridization 
ana lys i s  r evea led  the  
l o c a t i o n s  of 1 2 D 5 ,  
D22S10, and  D22S68 
(Fig. 4). These  t h r e e  
probes hybridized weak- 
ly to several other loca- 
tions within the k gene 
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Figure 2 Southern hybridization analysis of YAC and genomic DNAs. DNA was 
prepared from placenta, a pre-pro-B cell line FLEB14-14, and six YAC clones (35B2, 
yS10-1, yS10-8, 191A11, yC~-I 1, and yC~-5). The DNA was then digested with 
EcoRI and analyzed using two V~ probes, pHi6 (a) and V~.3C4 (b). From genomic 
DNA, at least 11 and 16 bands were detected using pHi6 and V~3C4 probes, 
respectively. All of these bands except the 3.3-kb fragment detected by pHi6 (ar- 
rowhead) are found in the six YAC clones. 

locus (Fig. 5). The 3"-BCR probe also gave 1 strong 
and 12 weak signals in regions I and II (Fig. 5). 
From a published restriction map (Croce et al. 
1987), the strongest signal was recognized as 
BCRL4. A GGT-like sequence was also found ad- 
jacent to the BCRL4 locus as described (Heis- 
terkamp and Groffen 1988). The VpreB gene 
(Bauer et al. 1988a) was then localized between 
regions III and IV. 

DISCUSSION 

In this study a 1020-kb contig covering the entire 
gene locus was constructed using 184 cosmid 

clones and one BAC clone. A high-resolution re- 
striction map for EcoRI, HindIII, and SfiI sites was 
then generated, and seven Jx-Cx gene segments as 
well as 69 unique EcoRI-HindlII segments de- 
tected by Vx probes were localized within a 911- 
kb region. 

It is possible that  some of the Vx gene seg- 
ments contain EcoRI or HindIII sites; hence, the 
V x probes would hybridize to two adjacent EcoRI- 
HindIII segments. It is also possible that  several 
different V~ gene segments reside in a single 
EcoRI-HindIII fragment. Considering that the Vx 
gene segments are small (-300 bp) and that some 
of the Vx-positive EcoRI-HindlII segments are rel- 
atively large (e.g., 15 is 7.7 kb), the latter case is 
more likely. Therefore, the total number  of the Vx 

gene and pseudogene  
s e g m e n t s  is p r o b a b l y  
>69. This is approx i -  
mately equal to the total 
number  of V~ gene seg- 
ments (Zachau 1993) or 
one-half the total num- 
ber of VH gene segments 
(Matsuda et al. 1993; 
Cook et al. 1994). 

W h i l e  th i s  p a p e r  
was under review, Frip- 
p la t  et al. (1995) re- 
ported a physical map of 
the ~. gene locus using 
YAC delet ion sets. Be- 
cause some regions of 
their physical  map do 
no t  possess suff ic ient  
resolution, the distribu- 
tion of the V x gene seg- 
ments does not seem to 
corroborate our study. 
For example, we have lo- 

calized nine Vx gene segments in region V (Fig. 
4), whereas Frippiat et al. (1995) placed only five 
gene segments in the corresponding region. Our 
preliminary sequencing data on this region V val- 
idated the presence of nine V x gene segments. 
Interestingly, a gap appearing in their YAC contig 
coincides with the gap between our cosmid con- 
tigs I and II (Fig. 4). This gap was covered by a 
BAC clone in our study. 

The 69 Vx-positive fragments seem to be dis- 
tributed into five clusters (Fig. 4, regions I-V) and 
the clusters are each separated by a -~40-kb. Un- 
like the VH (Matsuda et al. 1993) and V~ (Weich- 
hold et al. 1993) loci, no apparent repeats of re- 
striction sites are detected. However, hybridiza- 
t ion analysis (Fig. 5) revealed a characteristic 
organization of the V x gene locus. Region I can be 
divided into two different portions, the upstream 
and downstream portions. The upstream portion 
of region I is rich in Vx gene segments and con- 
tains more positive segments for D22S68 and 3'- 
BCR probes as compared to the downstream por- 
tion. The probe 12D5 hybridized to two distinct 
locations within the downstream portion of re- 
gion I, suggesting that this portion can be divided 
further into two small units. Thus, multiple am- 
plifications may have been involved in the gen- 
eration of region I. 

The D22S10 probe-positive segments are dis- 
tributed only within region I, whereas 3'-BCR- 
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F i g u r e  4 A high-resolution physical map of the ~ gene locus. (Top lines) Locations of the DNA segments 
detected by the four Vx probes (open boxes: 1-69) and the Jx-Cx gene segments (solid boxes; JC1-7). Open 
boxes are placed in the middle of EcoRI-Hindlll segments that were positive for the Vx probes. Locations of the 
VpreB gene, BCRL4, a GGT-like sequence (GGTL), D22S10 ($10), D22S68 ($68), and 12D5 are represented with 
horizontal bars. The locations of EcoRI, Hindlll, and Shl sites were determined for 69 favorably overlapping 
cosmids and one BAC clone shown below the scale. Five V~ clusters were defined as regions I-V. 
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Figure 5 Hybridization profiles of eight probes. (Top lines) The locations of 69 V~ probe positive DNA segments 
(1-69) and seven J~-C~, gene segments (JC1-7). Locations of DNA segments detected by four V~ probes (pHi.6, 
V2.DS, V~3C4, and 4A) as well as four other probes (D22S68, 3'-BCR, D22S10, and 12D5) are indicated 
separately below. Extremely strong, relatively strong, and weak hybridization signals are represented with solid, 
shaded, and open boxes, respectively. A scale is shown at the bottom. 
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positives are within regions I and II (Fig. 5). The 
D22S68 probe hybridizes more often to DNA seg- 
ments in regions I, II, and III as compared to 
those in regions IV and V. Thus, the distributions 
of the D22S10, 3'-BCR, and D22S68 positives sug- 
gest that the sequence similarity of each region II, 
III, IV, and V to region I decreases as the distance 
from region I increases. The arrangement of 
D22S68-positive segments in region III is of par- 
ticular interest. Five pairs of D22S68 positives are 
tandemly repeated and these positive signals are 
colocalized with Vx positive segments (38 and 39, 
40 and 41, 44 and 45, 47 and 48, and 50 and 51). 
The most proximal four pairs of these D22S68 
positives are each accompanied by another V x 
positive segment in their upstream region (42, 
46, 49, and 52). This suggests that the ancestral 
unit of this region may have contained three dis- 
tinct Vx gene segments. 

Hybridization analysis using a specific Vx 
probe can define Vx gene subgroups (Kabat et al. 
1991). Among the 69 Vx-positive segments, 48 
hybridized to two or more different probes (Fig. 
5). As hybridization analysis using cosmid DNA is 
extremely sensitive, only strong signals (closed or 
shaded boxes in Fig. 5) are detectable in the ge- 
nomic DNA analysis (Fig. 2). Highly positive seg- 
ments for the V x probe pHk6 are mainly distrib- 
uted within region III and those for the Vk3C4 
probe are within region I (Fig. S). This confirms 
the observation that >9S% of the Vx gene seg- 
ments detected in genomic DNA by these two 
probes are included in the YAC contig (Fig. 2), 
even though the YAC contig (Fig. 1) covers re- 
gions I, II, and the downstream portion of region 
III (Fig. 4). The V x probe V2.DS gave extremely 
strong signals (closed boxes in Fig. S) within re- 
gions I, II, and IV, whereas extremely strong sig- 
nals using the 4A probe were detected only 
within region III. The distributions of V2.DS- and 
4A-positive segments are significantly different, 
even though both belong to the same subgroup 
(Kabat et al. 1991). This suggests that a subgroup- 
ing based on protein sequences does not reflect 
DNA sequence homology. As discussed above, 
the highly positive signals for each of the Vx 
probes are not distributed evenly along the Vx 
locus. This could be interpreted as subgroup clus- 
tering within the V x gene locus (McDermid et al. 
1993). 

The VpreB protein is associated with the kS 
protein and plays an important role in early 
B-cell development (Kudo et al. 1987). Curiously, 
the VpreB gene has a sequence homology to the 

HUMAN IMMUNOGLOBULIN k GENE LOCUS 

Vx gene segments, whereas the kS gene has a ho- 
mology to the Jx and Cx gene segments. In mice, 
the VpreB1 gene is localized 4.6-kb upstream 
from the k5 gene on chromosome 16 (Kudo et al. 
1987). The mouse k gene is also located on chro- 
mosome 16. However, the k gene locus has not 
yet been mapped precisely in conjunction with 
the VpreB1 and k5 loci. In contrast, the human 
VpreB gene is located within the V x gene locus 
(Fig. 4) and the kS gene has been mapped -750 kb 
distal to the Cx locus (McDermid et al. 1993). This 
suggests that the k and k-related VpreB and k5 
genes were subjected to a shuffle through exten- 
sive chromosomal rearrangements. Joining of the 
human Vx gene segments in regions IV or V (di- 
stal to the VpreB gene locus) to the Jx gene seg- 
ments could excise the VpreB gene from the ge- 
nome. Interestingly, such excisions by V-J join- 
ing would occur only after the role of this gene 
was fulfilled. 

Both the BCR- and GGT-like sequences are 
localized between regions I and II. A previous 
study using somatic cell hybrids showed that the 
3'-BCR probe detected three BCR-like sequences 
(BCRL2-4) other than BCR on chromosome 22 
(Croce et al. 1987). However, cosmid analysis re- 
vealed this probe hybridized to 12 locations 
within the Vx locus other than BCRL4 (Fig. 5). 
These hybridization signals are considerably 
weaker as compared to those from BCR, BCRL2, 
and BCRL3 (data not shown) and detected only 
in cosmid DNAs but undetectable in genomic 
DNA. The GGT probe hybridizes to several loca- 
tions along chromosome 22 (Morris et al. 1993); 
however, only one strong signal was detected 
from the k gene locus. 

The entire k gene locus is covered with 31 
cosmids (minimum overlapping clones) and one 
BAC clone. These clones, together with the high- 
resolution restriction map, would serve as excel- 
lent resources for sequencing of the entire germ 
line repertoire of the Vx gene segments and the 
entire k gene locus. These clones should also pro- 
vide essential materials for producing human an- 
tibody molecules using either filamentous ph- 
ages (Winter et al. 1994) or transgenic mice 
(Br~iggemann et al. 1989). 

METHODS 

Library Screening 

Both RIKEN YAC (Imai and Olson 1990) and CEPH YAC 
libraries (Albertsen et al. 1990) were screened as described 
(Green and Olson 1990). PCR primers and annealing tem- 
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Table 1. PCR primers and conditions 

Name Sequences (5' -~ 3') 

Annealing 
temperature 
(oc) Reference 

c~a 

D22S10 

12D5 

VpreB 

V;~2.DS 

4A 

GGT 

Up 

Dwn 

BACUP 

BACBAC 

A GGT GGT CA GGT GT CT AA GGTAAA 
CT A GGGA A GGCT A GGAA T T ATATG 

T T G A C A A C A T G G T C C C T G T C  
A G A T G A T G C A T C T T T G G T G T  

G A G C A G G C A T A T T  GGTGTCA 
C A T G T A T T G C T T T T C C A A C C  

C T G C A G T G G G T T C C A T T T C T  
T G T G T A C A G C G T C T A C T G G T  

A C A G T C G A T C A C C A T C T C C T  
G C A G T A A T A A T C A G C C T C G T  

T C T C A G A C T G T G G T G A C T C A  
A G T A A T A C T C A G C C T C G T C C  

T T C A T C G C T G T G G T G C A A G C  
T C T G C T G C T C A C A G G G G A A G  

C C T A A G C T T G G G T C T C C C T A  
G C G C T C A T T A A G C G G G C T A A  

G A T C C T A T G T A T T C C C T T T A  
C T T A G C T T T C G C T A A G G A T G  

C G C T T G C T G C A A C T C T  CTCA 
AT C A T G G T C A T A G C T G T T T C  

C A C T G G C C G T C G T T T T A C A A  
G C T A T C A G G T C A T T G C C T G A  

65 Hollis et al. (1982) 

65 Hofker et al. (1985) 

65 Kawasaki et al. (1992a) 

60 Bauer et al. (1988b) 

55 

60 

R. Kannagi 
(pers. comm.) 

Anderson et al. (1984) 

65 Collins et al. (1992) 

55 

55 

de Jong et al. (1989) 

de Jong et al. (1989) 

55 S. Asakawa et al. b 
(in prep.) 

55 S. Asakawa et al. b 
(in prep.) 

ac~, primers are derived from Ke-Oz ÷ (C~3). 
bs. Asakawa, J. Kudoh, S. Minoshima, K. Kawasaki, and N. Shimizu. 

peratures for each screening (C~, D22S10 and 12D5) are 
described in Table 1. A chromosome 22-specific cosmid 
library (LL22NC03; de Jong et al. 1989) was screened with 
gel-purified YAC, V~, and walking probes as described 
(Olsen et al. 1993). A BAC library of three genome equiv- 
alents (S. Asakawa, J. Kudoh, S. Minoshima, K. Kawasaki, 
and N. Shimizu, in prep.) was constructed from a human 
pre-pro-B cell line, FLEB14-14 (Katamine et al. 1984), using 
a BAC vector generated from the fosmid vector pFOS1 
(Kim et al. 1992) and was screened as described (Olsen et 
al. 1993). 

Fingerprinting 

Cosmid DNA was isolated using a robot, PI-100 (Kurabo), 
digested with EcoRI and/or HindlII, and separated on an 
agarose gel (0.6% for single digestion and 0.8% for double 
digestion). Gel images were collected through a Fluores- 
cence Analyzer System (Toyobo) and analyzed using Gel 
Reader software (National Center for Super-computing Ap- 
plications). Those restriction fragments were also analyzed 

by Southern hybridization using nine probes: HuC~2 (Hi- 
eter et al. 1981), pHi6 (Tsujimito and Croce 1984), V~.3C4 
(Yamasaki et al. 1987), V~2.DS (R. Kannagi, pers. comm.), 
4A (Anderson et al. 1984), 3'-BCR (Croce et al. 1987), 
D22S10 (Hofker et al. 1985), D22S68 (Budarf et al. 1991), 
and 12D5. Comparison of these restriction patterns to- 
gether with comparison of fragments detected by these 
nine probes elucidated the overlapping cosmids. 

Hybridization Analysis 

Four YACs (yS10-1, 35B2 191All, and yC~-11) were used 
for screening the chromosome 22-specific cosmid library. 
Yeast chromosome and YAC DNAs were prepared as de- 
scribed (Anand and Southern 1990). YAC DNA was sepa- 
rated from yeast chromosomes using PFGE (CHEF DRII, 
Bio-Rad) and gel-purified from agarose with Geneclean II 
(BIO 101). 

Four V~ probes, pHi.6, V~3C4, V~.2.DS, and 4A were 
used in this study. The Vx gene portion (178-bp EcoRI- 
HaeIII fragment) of phi.6 and the entire insert of V~3C4 
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were used for probing. The probes V~.2.DS and 4A, as well 
as the GGT probe, were amplified from the YAC yS10-1, 
whereas the VpreB probe was amplified from h u m a n  ge- 
nomic  DNA (Table 1). The following probes derived from 
cosmid clones were used for chromosome walking and 
BAC screening: (1) The entire cosmid inserts from 76A8, 
43C3, and 63E9. (2) te rminal  HindlII fragments  from 
30E12, 50D10, 61El l ,  68H9, 85H5, 88E1, 124B3, and 
130E10; (3) terminal  EcoRI fragments from 80A10 and 
127C9. 

YAC probes as well as walking probes were reassoci- 
ated with sonicated h u m a n  DNA (10 mg/ml  in Sx SSC at 
67°C for 10 min) prior to hybridization (Sealey et al. 1985). 
Hybridization using YAC probes was carried out for 3 days. 
Final washing condit ions were either 2x SSC, 0.1% SDS at 
50°C or 0.1x SSC, 0.1% SDS at 65°C. 

Construction of Restriction Map 

The cosmid vector Lawrist16 has two SfiI sites (one at each 
terminus) adjacent  to the BamHI cloning site. Cosmid 
DNA was digested completely with SfiI, then partially di- 
gested with EcoRI or HindIII followed by Southern analysis 
using the two vector end probes, located between the clon- 
ing site and the SfiI site upstream (Up) or downstream 
(Dwn). Up and Dwn probes were amplified from the vector 
by PCR (Table 1). 

Similarly, the BAC vector has two NotI sites at each 
end. DNA from the BAC clone was digested with NotI, 
partially digested with EcoRI or HindIII, and analyzed by 
Southern hybridization using vector end probes as well as 
various EcoRI or HindIII fragments isolated from the BAC 
insert. The vector end probes (BACUP and BACBAC) were 
amplified from the vector (Table 1). 
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