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ABSTRACT A 290-kilobase-pair chromosomal segment
containing the genes encoding the human class I major histo-
compatibility complex molecules HLA-B and HLA-C as well as
a class I pseudogene has been isolated on three overlapping yeast
artificial chromosome (YAC) clones. One YAC clone contains
both the HLA-B and HLA-C genes. These loci are located =85
kilobase pairs apart, each in close association with a CpG island.
Southern blotting and nucleotide sequencing showed no evidence
of alteration of the structure of the cloned DNA in the YACs.
End fragments from the YAC inserts have been isolated and
used to confirm the overlaps between clones. These fragments
can also serve as polymorphic markers for structural analysis of
the major histocompatibility complex. Our data show that YAC
cloning offers an attractive alternative for analysis of the struc-
tures of large gene complexes such as HLA.

The human major Iiistocompatibility complex (MHC) is lo-
cated on the short arm of chromosome 6 and is estimated to
span 3.5-4.0 million base pairs of genomic DNA (1-3). The
class I region of the MHC encodes a family of structurally
related, 44-kDa glycoproteins that associate with the non-
MHC molecule ,82-microglobulin. The most extensively stud-
ied molecules of the class I family are the classical trans-
plantation antigens, HLA-A, -B, and -C. These highly poly-
morphic molecules can be detected serologically and are
found on the surfaces of essentially all nucleated cells, where
they serve as the restricting elements for antigen recognition
by cytotoxic T lymphocytes (4-6). Southern blotting of
genomic DNA with a class I gene probe detects 18 cross-
hybridizing restriction fragments (7). All of these sequences
have been cloned and characterized, describing a group of
related sequences including intact genes, full-length pseudo-
genes, and gene fragments. Among these, in addition to the
classical transplantation antigens, three more functional class
I molecules have been identified, HLA-E (8), -F (9), and -G
(10). They show little polymorphism and their expression is
limited in a highly tissue-specific manner (8-12).
The arrangement of the class I loci within the MHC has

been studied by analysis of recombination within informative
pedigrees (13) and of irradiation-induced HLA-loss mutants
(14) as well as by pulsed-field gel electrophoresis (1-3). These
studies predict that the class I region spans at least 1000
kilobase pairs (kb). The centromeric boundary of the class I
region is usually defined by the HLA-B gene. The telomeric
boundary is not precisely defined.
The isolation of cosmid clones containing the class I genes

and pseudogenes has allowed some molecular linkages to be
determined. For example, HLA-B and a class I pseudogene,
HLA-1.7p, are found on a single cosmid clone (7). However,

most of the class I sequences, including the functional class
I loci, appear to be widely spaced within the complex.
Pulsed-field mapping studies of genomic DNA indicate that
the most closely linked functional loci, HLA-B and HLA-C,
are separated by 80-130 kb (1-3, 15, 16). While pulsed-field
mapping studies may establish the physical relationship of
linked loci, they do not provide access to the genomic DNA
between the loci themselves. Additionally, because of the
variable degree of methylation of genomic DNA, the restric-
tion maps that they provide identify only a subset of the
relevant restriction sites. Because of the wide spacing of the
known loci in the class I region, conventional cloning with
bacteriophage or cosmid vectors may not be the ideal method
for isolation and detailed mapping of the intergenic regions.
Yeast artificial chromosome (YAC) cloning affords an attrac-
tive alternative for analysis of the structure of the class I
region of the MHC because of the potential for YAC clones
to carry large inserts (17).**

MATERIALS AND METHODS
Reagents and Cell Lines. Restriction enzymes were from

New England Biolabs. Thermus aquaticus (Taq) DNA poly-
merase was from Perkin-Elmer/Cetus. Lyticase was from
Sigma. CGM1 is an Epstein-Barr virus-transformed B-lym-
phoblastoid cell line derived from the YAC library donor.
MCH6 (18) is a human chromosome 6-containing mouse
microcell hybrid (kindly provided by Sherman M. Weissman,
Yale University School of Medicine). Cell line 9022 was from
the American Society of Histocompatibility and Immunoge-
netics (Boston) cell panel.

Isolation of YAC Clones. Clones were isolated from the
YAC library of the Center for Genetics in Medicine at
Washington University School of Medicine (St. Louis, MO)
(19, 20). This library was constructed using the pYAC4
vector (17) and partially EcoRI-digested high molecular
weight DNA from peripheral blood leukocytes of a healthy
male Caucasian donor. HLA typing of this donor and infor-
mative family members by the Barnes Hospital Histocom-
patibility Laboratory (St. Louis, MO) provided the haplotype
assignments A3, B8, C-, DR3, DQw2, DRw52 and A29, B14,
C-, DR7, DQw2, DRw53.
The YAC library has been successfully screened both by

colony hybridization and by polymerase chain reaction
(PCR) (21). In these experiments, class I-positive clones were
identified by colony hybridization at moderate stringency
(22) with an HLA-B cDNA probe (kindly provided by Ben-

Abbreviations: YAC, yeast artificial chromosome; MHC, major
histocompatibility complex; PCR, polymerase chain reaction.
IlTo whom reprint requests should be addressed.
**The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M59840, M59841, and
M59865).

1676

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "advertisement"
in accordance with 18 U.S.C. §1734 solely to indicate this fact.



Proc. Natl. Acad. Sci. USA 88 (1991) 1677

jamin D. Schwartz, Washington University School of Med-
icine, St. Louis, MO).

Preparation and Analysis of Yeast DNA. DNA of yeast
strains carrying YACs were prepared as described by Treco
(23). This DNA was suitable for analysis by conventional
Southern blotting (24) and by PCR (25). For long-range re-
striction fragment analysis, high molecular weight YAC DNA
was prepared in agarose plugs (19, 20). Plugs containing -10
gg of this DNA were digested with 100 units of the indicated
restriction enzymes under the conditions recommended by the
suppliers for -18 hr. Digested DNAs were fractionated by
contour-clamped homogeneous electric field (CHEF) gel elec-
trophoresis (26) and transferred to nylon membranes. Gels
were prepared for transfer by exposure to a short-wavelength
UV light source for 90 sec, followed by denaturation in 0.4 M
NaOH/0.6 M NaCl and neutralization in 1 M Tris HCl, pH
7.5/0.6 M NaCl. Transfer was in 6x SSC (lx SSC = 0.15 M
NaCl/0.015 M sodium citrate). DNA probes were labeled to
high specific activity with 32P by nick-translation (22). Hy-
bridization was as described (27) and washing was in 0.2x
SSC/0.1% NaDodSO4 at 25TC prior to autoradiography.

Nucleotide Sequencing of YAC-Derived HLA Class I Genes.
HLA-B and HLA-C gene sequences were amplified from
their respective YACs by using PCR and an HLA-B/C
crossreacting primer (CCGGAAfTCTCGGGCGGGTCT-
GAGCCCCT) at the 5' ends and HLA-B-specific
(CCCAAGCTTCCCGGCGACCTATAGGAGATG) and
HLA-C-specific (CCCAAGCTTCCGGGAGATCTACTG-
GAGATG) primers at the 3' ends. The 5' primer introduces
an EcoRI restriction site (underlined) and the 3' primers
introduce a HindIll restriction site (underlined) into the PCR
products. PCR was performed using 1 Ag of total DNA from
YAC-containing clones as the template, with annealing at
650C for 2 min and extension at 720C for 3 min for 30 cycles.
The PCR-amplified material was extracted with phenol and
chloroform, ethanol-precipitated, and then digested with
EcoRI and HindIII and subcloned into bacteriophage M13
mpl8 and mpl9. Single-stranded phage DNA was sequenced
using the dideoxynucleotide chain-termination technique (28)
and T7 DNA polymerase (United States Biochemical).

Isolation of YAC-Insert End Fragments. Subclones con'
taining end fragments from the YAC inserts were prepared by
double digestion of DNA from the YAC-containing strains
with either Cla I or Sal I, which cut within the left or right arm
of the pYAC4 vector, respectively, and an enzyme that cuts
within the genomic insert, chosen by its ability to produce a
conveniently sized restriction fragment. The digested DNA
was fractionated by electrophoresis in an agarose gel and
fragments in the appropriate size range were excised and
purified using Gene Clean (Bio 101, La Jolla, CA). The
gel-purified fragments were subcloned into pUC19, and
transformants containing the end-fragments were identified
by colony hybridization using probes corresponding to po-
sitions 375-656 or 657-895 of pBR322, identifying the left or
right YAC vector arm, respectively. Restriction fragments
devoid of repetitive sequences were recovered from these
subclones for use as probes in Southern blotting experiments.

RESULTS AND DISCUSSION
To demonstrate the utility of YAC cloning for an analysis of
the structure of the human MHC, we have isolated YAC
clones containing the HLA-B and HLA-C genes and the
intervening and flanking genomic DNA by screening the YAC
library of the Center for Genetics in Medicine at Washington
University (19, 20). Initial screening was by hybridization with
a class I-crossreacting HLA-B cDNA probe. From among the
HLA class I-positive clones, clones containing the HLA-B and
HLA-C loci were identified by Southern blotting to detect
characteristic HLA-B- and HLA-C-specific restriction frag-
ments (7, 29). In this study, we have characterized three

overlapping YAC clones from this region. A single YAC of210
kb (designated B38D3) contains both the HLA-B and HLA-C
genes. A YAC of 130 kb (B92H5) contains the HLA-B gene
and the closely linked pseudogene, HLA-1.7p. The third YAC
(B209D7) contains the HLA-C locus and 180 kb of DNA
telomeric to the HLA-C locus.

Restriction Fragment Analysis of YAC Clones. To demon-
strate the integrity of the class I sequences within these YAC
clones, we performed Southern analysis comparing the iso-
lated YACs to cosmid clones containing HLA-B, -C, and -1.7p
and to genomic DNA from an Epstein-Barr virus-transformed
cell line derived from the library donor (CGM1). A character-
istic pattern of several cross-hybridizing class I sequences is
seen in genomic DNA, with the HLA-B and HLA-C genes
found on 6.5- and 8-kb EcoRI restriction fragments, respec-
tively (29). YAC B38D3 contains both the HLA-B and HLA-C
genes (Fig. la). YAC B209D7 contains only the HLA-C gene,
and YAC B92H5 contains both the HLA-B gene and the
HLA-1.7p pseudogene, which is found within the 27-kb EcoRI
restriction fragment. Digestion of the YAC clones with Hin-
dIII (Fig. lb) shows that the HLA-B and HLA-C genes are
each present on =27-kb fragments (7). The HLA-B HindIII
fragment in YAC B92H5 is -23 kb, smaller than the fragments
in YACs B38D3 and B209D7. This smaller fragment is also
seen in CGM1 and represents allelic variation of the HLA-B
locus (see Fig. 2a). YAC B92H5 contains, in addition to the
HLA-B-specific fragment, the expected 1.7-kb HindIII frag-
ment containing the HLA-1.7p pseudogene. In all cases, the
class I-hybridizing fragments in the YAC DNAs comigrate
with fragments in the CGM1 DNA.

Nucleotide Sequence Analysis of YAC-Encoded Class I
Genes. To confirm the identity of the HLA-B and HLA-C loci
and to determine which alleles were present and thus from
which donor chromosome each YAC clone was derived,
DNA fragments spanning exons 2 and 3 of the genes (encod-
ing the polymorphic al and a2 domains of the class I heavy
chain) were amplified by PCR from each of the three YACs,
subcloned into M13 mpl8 and mpl9, and sequenced. The
nucleotide sequence of this portion of the HLA-B gene (Fig.
2a) from YAC B38D3 is identical to the reported sequence for
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FIG. 1. Southern blot analysis of YAC and cosmid clones.
Cosmid (0.2 ng), YAC (0.2 j.g), or CGM1 (15 ,.g) DNA was digested
with EcoRI (a) or HindI11 (b), fractionated by electrophoresis in 1%
agarose gels, and analyzed by Southern blotting using a 350-base-pair
EcoRI-Pst I fragment from an HLA-B cDNA (22, 27). Washing was
in 0.2x SSC/0.1% NaDodSO4 at 65TC.
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a
838D3 (HLA-Bv65) ag GC TCC CAC TCC ATG AGG TAT TTC TAC ACC GCC GTG TCC CGG
B92H5 (HLA-B) -- -- --- --- --- --- --- --- --- G-- --- --- A-- --- ---

CCC GGC CGC GGG GAG CCC CGC TTC ATC TCA GTG GGC TAC GTG GAC

GAC ACG CAG TTC GTG AGG TTC GAC AGC GAC GCC GCG AGT CCG AGA
--- --- --- --- --- --- --- --- ---

GAG GAG CCG CGG GCG CCG TGG ATA GAG CAG GAG GGG CCG GAA TAT___
--- --- --- --- --- --- --- --- --- --- --- --- --G ---

TGG GAC CGG AAC ACA CAG ATC TGC AAG ACC AAC ACA CAG ACT GAC
--- --- --- --- --- --- --- -T- --- --- --- --- --- --- ---

CGA GAG AGC CTG CGG AAC CTG CGA GGC TAC TAC AAC CAG AGC GAG

GCC G gtgagtgaccccggcccggggcgcaggtcacgactccccatcCcccacggacg

gcccgggtcgccccgagtctccgggtccgagatccgcctccctgaggccgcgggacccg

cccagaccctcgaccggcgagagccccaggcgcgtttacccggtttcattttcagttga

ggccaaatccccgcgggttgggcggggcggggcggggcteggggggactgggctgaccg

cggggcggggccag GG TCT CAC ACC CTC CAG TGG ATG TAT GGC TGC
----C--------- -- --- --- --- --- --- A-C --- --C --- ---

GAC GTG GGG CCG GAC GGG CGC CTC CTC CGC GGG TAT AAC CAG TTC
--- --- --- --- --- --- --- --- --- --- --- C-- --- --- -A-

GCC TAC GAC GGC AAG GAT TAC ATC GCC CTG AAC GAG GAC CTG AGC
-C_------ ---

___ -- -- C

TCC TGG ACC GCG GCG GAC ACC GCG GCT CAG ATC ACC CAG CGC AAG

TGG GAG GCG GCC CGT GAG GCG GAG CAG CTG AGA GCC TAC CTG GAG
--- --- --- --- --- -T- --- --- --- GAC --- --- --- --- ---

GGC ACG TGC GTG GAG TGG CTC CGC AGA CAC CTG GAG AAC GGG AAG___--- --- --- -- _----- --- T-- ---

GAG ACG CTG CAG CGC GCG G gt^AAqegg
-C-GC ---G------------

b
B36D3/B209D7
HLA-C ll

cctcgcccccag GC TCC CAC TCC ATG AGG TAT TTC TAC ACC GCC GTG
--- --- --- --- --- --- --- --- ---

TCC CGG CCC GGC CGC GGA GAG CCC CGC TTC ATC GCA GTG GGC TAC
--- --- --- --- --- --- --- --- --- ---

GTG GAC GAC ACG CAG TTC GTG CAG TTC GAC AGC GAC GCC GCG AGT
--- --- --- --- --- --- --- --- --- --- ---

CCA AGA GGG GAG CCG CGG GCG CCG TGG GTG GAG CAG GAG GGG CCG
__- -- --- --- --- --- --- --- --- --- --- --- --- ---__

GAG TAT TGG GAC CGG GAG ACA CAG AAG TAC AAG CGC CAG GCA CAG
--- --- --- --- --- --- ---

ACT GAC CGA GTG AGC CTG CGG AAC CTG CGC GGC TAC TAC AAC CAG

AGC GAG GCC G gtgagtgaccccggcccggggcgcaggtcacgacccctccccatc
--- --- -

ccccacggacggcccgggtcgccccgagtctcccggtctgagatccaccccgaggctgc

ggaaccgcccagaccctcgaccggagagagcCccagtcacctttacccggtttcattt
tcagtttaggccaaaatccccgcgggttggtcggggctggggcggggctcgggggacgg

ggctgaccacgggggcggggccag GG TCT CAC ACC CTC CAG AGG ATG TAT
--- --- --- --- --- ---

GGC TGC GAC CTG GGG CCC GAC GGG CGC CTC CTC CGC GGG TAT AAC
--- --- --- --- --- --- --- --- --- --- ---

CAG TTC GCC TAC GAC GGC AAG GAT TAC ATC GCC CTG AAT GAG GAC
--- --- --- --- --- --- --- ---

CTG CGC TCC TGG ACC GCC GCG GAC AAG GCG GCT CAG ATC ACC CAG
~ ~---- -- _- --- -- -C- - - -

CGC AAG TGG GAG GCG GCC CGT GAG GCG GAG CAG CGG AGA GCC TAC
--- --- --- --- --- --- --- AC- --- --- --- -T- --- --- ---

CTG GAG GGC ACG TGC GTG GAG TGG CTC CGC AGA TAC CTG GAG AAC
--- --- --- --- --- --- --- --- --- --- --- ---

GGG AAG AAG AGC CTG CAG CGC GCG G gtaccaggggcagtggggagccttc
------ --- -CG --- --- --- --- -

cccatctc
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FIG. 2. Nucleotide sequencesEION of YAC-derived HLA-B and
HLA-C genes. The al (exon 2)
and a2 (exon 3) domains of the
HLA-B and HLA-C genes were
amplified from the YAC clones by
PCR. Exon sequences are desig-
nated by uppercase and intron se-
quences by lowercase letters. (a)
DNA sequence of the HLA-B
gene amplified from YAC B38D3
is identical to that of HLA-Bw65
(30) and is compared with the
DNA sequence of the HLA-B
gene amplified from the HLA-B8
YAC B92H5. Dashes indicate

3XON identity between the two se-
quences. (b) DNA sequences of
the HLA-C genes amplified from
YACs B38D3 and B209D7 are
identical and are 98.9% identical
to the nucleotide sequence of
HLA-Cw11 (30).

HLA-Bw65 (30). HLA-Bw65 is highly homologous to HLA-
B14, differing at one nucleotide resulting in a single amino
acid substitution. The reagents used for serological typing of
the library donor could not distinguish these HLA-B alleles,
and thus the results of nucleotide sequencing and serological
analysis are consistent. The nucleotide sequence from the

same region of the HLA-B gene in YAC B92H5 is identical
to the reported sequence for HLA-B8 (30). Thus, YAC
B92H5 is allelic to YAC B38D3. The sequences ofthe HLA-C
genes from YAC clones B38D3 and B209D7 are identical,
consistent with these two YACs having been derived from
the same donor chromosome (Fig. 2b). They are highly
homologous to the sequence for HLA-Cwll (30). These data
confirm that the class I gene sequences in these three YAC
clones represent the HLA-B and HLA-C loci and support the
results of serological typing of the loci. Additionally, they

show that both donor chromosomes are represented in the
YAC clones spanning this region and identify the donor
chromosome from which each YAC is derived.

Restriction Mapping of the HLA-B/C YACs. Partial restric-
tion maps of these class I-containing YAC clones are shown
in Fig. 3. The restriction endonucleases chosen for this
analysis represent a group whose recognition sequences are

C+G-rich and contain the dinucleotide CpG. In addition
these enzymes are sensitive to 5-methylcytosine in the CpG
sequence. In vertebrate DNA, unmethylated recognition
sequences for these endonucleases are relatively rare and,
when clustered, often indicate the presence of constitutively
expressed genes (31, 32). In yeast, methylation of cytosines
is not observed (33). Consequently, these enzymes typically
cleave human YACs more frequently than the corresponding
region of genomic DNA. This may complicate comparisons
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FIG. 3. Partial restriction map
of HLA-B and HLA-C YACs.

JA Data were obtained by hybridizing
Southern blots of yeast DNA di-
gested with infrequently cutting
restriction endonucleases to
probes for HLA-B, a locus-spe-
cific HLA-C-flanking sequence,
Blurli (Alu), the 350-base-pair
EcoRI-BamHI fragment of
pBR322 (left vector arm), the
1.1-kb BamHI-Ava I fragment of
pBR322 (right vector arm), and

*0 end-fragment probes from the
YAC B92H5, B38D3, and B209D7
inserts.

of the restriction maps of YAC clones with preexisting
pulsed-field maps prepared using uncloned genomic DNA. It
may, however, facilitate the recognition of CpG islands and
permit accurate determination offragment sizes. Our studies
show that the HLA-B and HLA-C loci are separated by 85 kb
(Fig. 3), a distance consistent with that proposed by previous
pulsed-field mapping experiments (1-3, 15, 16). As observed
in studies using isolated cosmid clones, both loci are asso-
ciated with CpG islands, with the islands marking the 5' end
of each class I gene (15, 16). Together with our data this
indicates that each gene is located telomeric of these islands
and transcribed in a centromeric-to-telomeric orientation.
Although the restriction maps ofYAC clones derived from

the same donor chromosome are internally consistent, ap-
parently allelic differences in restriction maps can be found.
For example, YAC B38D3 (HLA-Bw65) and YAC B92H5
(HLA-B8) each have a site that is not present in the other
clone. YAC B92H5 contains an Nru I site 40 kb telomeric of
the HLA-B gene that is not found in YAC B38D3. YAC
B38D3, but not YAC B92H5, contains an MlIu I site 5 kb
centromeric of the HLA-B gene. Given the high level of
polymorphism associated with this region of the genome and
in particular with the 5' regions ofthe class I genes, it is likely
that these CpG-rich restriction sites are polymorphic.

Analysis Using YAC-Insert End Fragments. A critical step
in the analysis of each YAC clone is the isolation of unique-
sequence probes from the ends of the genomic insert. These
end probes are necessary for analysis of overlapping clones

and for "chromosome walking." In addition, they are valu-
able reagents for detecting the presence of noncontiguous
DNA in the YAC insert. We have identified end-fragment
probes from both the right and the left end of each of the
YACs described here. An example of the use of these probes
to demonstrate overlaps between YAC clones is shown in
Fig. 4a, by hybridization of EcoRI-digested YAC and ge-
nomic DNA with a probe derived from the end of the YAC
B38D3 insert adjacent to the right arm of the YAC vector. A
single hybridizing fragment was detected in YAC B38D3,
YAC B209D7, CGM1, and a microcell hybrid cell line con-
taining only human chromosome 6 in a mouse background.
No hybridization was seen in DNA from YAC B92H5. This,
then, is the telomeric end ofthe B38D3 insert. When the DNA
samples were digested with HindIII, this probe hybridized to
two allelic restriction fragments of 15 and 9 kb in CGM1 DNA
(data not shown). The 9-kb allelic fragment is derived from
the HLA-Bw65 haplotype, and the 15-kb fragment is from the
HLA-B8 haplotype.

Hybridization using restriction fragments derived from the
left end of the YAC B38D3 insert failed to identify any
unique-sequence probes; however, given that the 5' end of
the HLA-B gene is within 10 kb of the left vector arm in YAC
B38D3, failure to isolate a probe from the exact end of the left
portion of the insert is of little consequence in assembling the
map of this region.

Analysis of end clones from YAC B92H5 shows that the
fragment from the right end of YAC B92H5 is telomeric and
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FIG. 4. Demonstration of overlap between YAC clones by hybridization with end fragments from YACs B38D3, B92H5, and B209D7. DNA
samples from the indicated YAC clones (0.2 jig) or from mammalian cell lines (15 ,ug) were digested with EcoRI and analyzed by Southern blot
hybridization with a right end probe from YAC B38D3 (0.8-kb Pst I fragment) (a), right end probe from YAC B92H5 (0.7-kb EcoRI-Pst I
fragment) (b), and a left end probe from YAC B209D7 (0.5-kb Pst I fragment) (c).
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identifies an EcoRI polymorphism (Fig. 4b). One allele is
represented by an =8.5-kb fragment, as seen with YACs
B209D7 and B38D3. The other allele is represented by two
EcoRI fragments, -8 kb and -=2.5 kb. The two-fragment
pattern can be seen in YAC B92H5 and the chromosome
6-specific microcell hybrid, as well as in the Al, B8, DR3
homozygous cell line 9022. Both patterns are visible in CGM1
DNA. This agrees with the sequence from the HLA-B gene in
YAC B92H5, which was identical to the published sequence
for HLA-B8 (Fig. 2a). This probe also identifies polymorphic
fragments with several other restriction enzymes (data not
shown). This may be a valuable probe for analysis of HLA
restriction fragment length polymorphism in normal and dis-
ease populations. It is in close physical linkage with both the
HLA-B and HLA-C loci but is located far enough away from
the genes themselves to recognize single-copy sequences
when used for hybridization at moderate stringency.

In contrast to this right end-fragment probe, fragments
from the left end of the B92H5 insert do not hybridize to
human chromosome 6 DNA (data not shown). Thus, YAC
B92H5 is composed of noncontiguous genomic DNA frag-
ments joined within the insert. The junction between the
chromosome 6 sequences and the non-chromosome 6 se-
quences is undefined, but it lies between the HLA-1.7p locus
and the left vector arm.
A hybridization probe generated from the left end of YAC

B209D7 hybridizes to an =6-kb EcoRI fragment in YAC
B209D7, CGM1, and the chromosome 6-specific microcell
hybrid DNA (Fig. 4c). This telomeric end clone has been
sequenced and a PCR assay has been developed in order to
rescreen the YAC library for clones that will link the HLA-B
and HLA-C loci with the other cloned class I sequences.
While this fragment from the left end of YAC B209D7
hybridizes to chromosome 6-specific DNA samples, a frag-
ment from the right end of this clone is not derived from
chromosome 6, again indicating the presence of noncontig-
uous genomic fragments within the insert of this clone (data
not shown). The discontinuity in the YAC B209D7 insert can
also be detected by comparison of the restriction map of its
insert with that of the overlapping clone, YAC B38D3 (Fig.
3). Between the telomeric end of clone B38D3 and the
HLA-C locus, YAC B38D3 and YAC B209D7 show no
detectable differences in structure as assessed with infre-
quently cutting restriction enzymes; however, centromeric of
HLA-C, their respective restriction maps diverge. Because
the right end fragment of YAC B92H5 hybridizes to YAC
B209D7, the discontinuity in YAC B209D7 must lie centro-
meric to this sequence. Our data underscore the need to
analyze YAC clones carefully for the presence of noncon-
tiguous insert fragments. In this regard, during analysis of
additional YACs from other portions of the MHC, we have
observed a frequency of clones with noncontiguous inserts of
60-65% (data not shown).
The YACs analyzed in these studies provide a molecular

linkage of the HLA-B and HLA-C genes. These molecular
clones confirm previous estimates of the genetic and physical
distances between these loci obtained by linkage and pulsed-
field gel analyses. Examination of a single clone, YAC
B38D3, containing both of the genes from a single donor
chromosome indicates that the HLA-B and HLA-C genes of
the A29, Bw65, DR7, DQw2, DRw53 haplotype are in the
same transcriptional orientation and are separated by 85 kb.
Analysis by restriction mapping with EcoRI and HindIl and
by nucleotide sequencing shows accurate conservation of the
structures of the genes carried in YACs. The extensive
overlap of YACs B92H5 and B209D7 with YAC B38D3
confirms the structure of B38D3 and supports the fidelity of
the YAC cloning technology. These clones provide ready

access to the HLA-B and HLA-C genes themselves, to the
intergenic DNA, and to 180 kb of DNA telomeric of the
HLA-C locus. Finally, end clones isolated from these YACs
are valuable mapping and walking tools in the further analysis
of this large multigene family in the human MHC.
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