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By the combination of cosmid cloning, ehromosomal 
jumping, and pulsed-field gel electrophoresis (PFGE), we 
have fine-mapped the HLA-A subregion of the human ma- 
jor histocompatibility complex (MIX). Through the isola- 
tion of a class I jumping clone, the Qa-like HLA-G class I 
gene has been placed within 100 kb of HLA-H. The tight 
physical linkage of these class I genes has been further sup- 
ported by hybridizing PFGE blots with locus-specific 
probes. It has been found that both of the above class I genes 
are linked to HLA-A, with HLA-H residing no more than 
200 kb from the HLA-A gene. These data support the possi- 
ble existence of a Qu-like subregion composed of nonclassi- 
cal HLA class I genes within the human MHC linked telo- 
merically to the HLA-A locus. o 1~~1 Academic press, IDC. 

INTRODUCTION 

The class I region of the human major histocompati- 
bility complex (MHC) is composed of about 2000 kb 
of DNA (Lawrance et al., 1987) and comprises approx- 
imately 20 class I genes, pseudogenes, and gene frag- 
ments (Srivastava et al., 1985; Koller et al., 1987; 
Lawlor et al., 1990). The functional members of the 
class I gene family are among the most polymorphic 
genes in nature (Parham et al., 1989); the mechanisms 
involved in the maintenance of this diversity are 
largely unknown. 

The construction of a molecular map of the class I 
region, situated on the short arm of chromosome 6 
(6p21.3), is under way (Lawrance et al., 1987; Ragous- 
sis et al., 1986,1989; Carroll et aZ., 1987); this has been 
aided in part by the isolation of lambda and cosmid 
clones containing unique and low-copy-number 
probes that flank HLA class I sequences. These 
probes, in conjunction with rare-cutting restriction 

endonucleases (most of which are sensitive to C meth- 
ylation) and pulsed-field gel electrophoresis (PFGE) 
technology, have identified the major megabase frag- 
ments upon which reside the genes encoding the 
transplantation antigens, HLA-A, -B, and -C. The 
positions of additional members of the class I gene 
family, such as HLA-E (Srivastava et aZ., 1987) and 
cdal2 (Ragoussis et aZ., 1989), have recently been 
added to the molecular map. However, the large num- 
ber of highly homologous class I sequences as well as 
the large size of this stretch of DNA have impeded the 
map’s completion. 

Weissman (1987) has outlined alternative cloning 
and mapping approaches that already have proven 
useful in the generation of mapping data. These tech- 
nologies include the use of jumping and linking li- 
braries (Collins and Weissman, 1984; Poustka and 
Lehrach, 1986) as well as yeast artificial chromosome 
(YAC) vectors capable of cloning megabase DNA 
fragments (Burke et a& 1987). The former technology 
has proven instrumental in the successful identifica- 
tion of the gene responsible for cystic fibrosis (Rom- 
mens et al., 1989). Using YACs as cloning vectors, 
Little et al. (1989) have succeeded in isolating HLA 
and immunoglobulin clones. The continued applica- 
tion of these and other technologies will undoubtedly 
aid in the completion of the physical map not only of 
the MHC but of the human genome as well. 

From deletion analysis studies (Orr and Demars, 
1983) and data obtained in our own laboratory (M. 
Chorney, G. Gillespie, and S. Weissman, unpub- 
lished), it appears that many of the class I genes, 
pseudogenes, and gene segments are linked telomeri- 
tally to the HLA-A locus. In the present report, we 
have applied cosmid cloning, PFGE, and chromo- 
somal jumping technologies to the mapping of several 
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genes and pseudogenes within the human HLA-A 
class I subregion of the MHC and discuss the possible 
occurrence of a human Qa region analogous to that 
found on chromosome 17 of the mouse (Weiss, 1987). 
We also discuss the possibility of a recombinational 
hot spot occurring in this region of the human MHC. 

MATERIALS AND METHODS 

Cells 

3.1.0 (HLA-A2, HLA-B27, HLA-Cwl) is an EBV- 
transformed B-cell line that is hemizygous with re- 
spect to its MHC (Levine et al., 1985). JY is an EBV- 
transformed line that is serologically HLA-A2 and 
-B7; whether this line is an MHC homozygote as origi- 
nally suggested has been questioned (van Seventer et 
al., 1988). Both cell lines were maintained in RPM1 
1640 containing 10% fetal calf serum and 1% penicil- 
lin-streptomycin. 

Jumping Library Production 

The construction of the lOO-kb jumping library is 
described in Collins et al. (1987). Briefly, 3.1.0 DNA 
was partially digested with Mb01 and size-fraction- 
ated by pulsed-field gel electrophoresis. DNA in the 
size range of 80-130 kb was removed from the gel and 
ligated under dilute conditions in the presence of an 
excess of BamHI-ended supF gene. Conditions that 
promoted the formation of DNA circles were chosen. 
After ligation, the circularized genomic DNA was di- 
gested with EcoRI and ligated to the lambda vector 
Ch3AAlac. This lambda vector, which is Aam Bum, 
accepts DNA in the size range of O-12 kb. The ligation 
was packaged in vitro and plated onto the supF- host 
strain, MC1061. Approximately 2 X lo6 plaques were 
obtained. These were divided into four groups and 
amplified for future screening. 

3.1.0 Class I-Containing Cosmids 

The 3.1.0 cosmid libraries were made according to 
Lawrance et al. (1985). EcoRI and Sau3AI partially 
digested 3.1.0 genomic DNA was size-fractionated on 
a sucrose density gradient. The approximately 40-kb 
genomic DNA fragments were then ligated into either 
EcoRI-digested pJB8 or BamHI-digested pcos- 
BEMBL vectors. Packaged cosmids were then used to 
infect the recA- Escherichia coli strain HBlOl. 

Unamplified cosmid libraries were screened using 
either HLA-B7 cDNA (Sood et al., 1981) or the class I 
gene HLA-H (Chorney et al., 1990) as a probe. The 
HLA-H gene is carried on a 6.6-kb EcoRI fragment 
and lacks repetitive sequences. The compilation and 
further description of the class I-containing cosmids 

isolated in the Weissman laboratory at Yale Univer- 
sity can be found in Srivastava and Lambert (1989). 

Locus-Specific Probes 

HLA-G (6.0)-specific probe. On the basis of nu- 
cleotide sequencing (Srivastava and Lambert, 1989), 
one of the EcoRI class I+ fragments contained within 
CosRS27 was found to contain an allele of the HLA- 
6.0 gene described previously by Geraghty et al. 
(1987). This gene has been subsequently redesignated 
HLA-G (Koller et al., 1989). A 700-bp low-copy EcoRI 
fragment located approximately 17 kb upstream of 
the HLA-G gene was subcloned into pUC19 and 
termed pMC27.7 (see Fig. 3). The probe resides 
within a nonpolymorphic 2-kb Hind111 fragment but 
weakly cross-hybridizes to a series of four polymor- 
phic Hind111 fragments, each of which is linked to a 
specific HLA-A gene (Chorney et al., 1991). The locus 
defined by this probe has been designated D6SllO 
(Chorney et al., 1991). 

HLA-H-specific probe. A 700-bp EcoRI fragment 
located approximately 21 kb 5’ of the HLA-H gene was 
subcloned into pUC19 (subsequently termed pMC6.7; 
Chorney et al., 1990). This fragment was derived from 
CosRS6, the map of which is presented in Fig. 3. On 
Southern genomic blots, pMC6.7 hybridized most 
strongly to a nonpolymorphic HindIII fragment of 10 
kb but cross-reacted with several bands, two of which 
displayed polymorphism. Among the clones in our 
class I+ collection, the probe hybridized only to 
CosRS6. The specificity of this fragment in hybridiz- 
ing only to CosRS6 was previously noted (Srivastava 
et al., 1986). 

HLA-A-specific probe. A 490-bp PvuII-MspI frag- 
ment derived from the 3’ untranslated region of the 
HLA-A2 gene was subcloned into pUC9 by Koller et 
al. (1984) and termed pHLA-2A.l. The probe hybrid- 
ized most strongly to fragments carrying HLA-A 
genes but was also observed in our experiments to 
cross-hybridize weakly to fragments carrying an 
HLA-A-linked pseudogene (Chorney et al., 1990) and 
HLA-H. 

Pulsed-Field Gel Electrophoresis 

3.1.0 genomic DNA, digested in agarose plugs, was 
resolved on OFAGE (orthogonal field alteration gel 
electrophoresis) gels using an LKB Pulsaphor gel ap- 
paratus. Gels contained 1% agarose, 0.5X TBE (1X 
TBE equals 0.089 M Tris borate, 0.089 M boric acid, 
0.002 M EDTA, pH 8.0) and were run at 14°C for 48 h 
at 250 V with a pulse time of 2 min. After electrophore- 
sis, the gels were depurinated with 0.2 N HCI for 15 
min and then denatured with 0.5 N NaOH. The gels 
were then blotted against 0.5 N NaOH and 1.5 M 
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FIG. 1. Restriction map of the class I jumping clone pHS.1. The original jumping clone insert was removed from bacteriophage X 
(Ch3AAlac) by digesting with EcoRI and subcloned into the plasmid vector pUC19. Class I+ designates the region that was derived from the 
class I gene HLA-H. The box marked SupF represents the suppressor tRNA gene which contains a convenient AuuI site. pHS.2 marks the 
unique-copy EcoRI to BamHI jump fragment, which was subsequently subcloned into Bluescript (KS)- and used on pulsed-field gels to 
identify the jump region. Restriction sites are indicated, a 1-kb scale bar is presented below, left. 

NaCl onto Hybond nylon filters (Amersham), vac- 
uum-dried, and uv-irradiated using 254-nm short- 
wave uv for 2 min before the commencement of pre- 
hybridization. Restriction enzyme-digested JY geno- 
mic DNA embedded in plugs was resolved by using a 
Bio-Rad CHEF gel system. Pulse times were 60 s for 
15 h followed by 90 s for 9 h. Hybridization conditions 
for the blotted OFAGE and CHEF gels were accord- 
ing to Church and Gilbert (1984). Final washings 
after the completion of hybridization were performed 
with 0.2~ SSC (1X SSC equals 0.15 MNaCl and 0.015 
M sodium citrate) at 65°C. 

Nucleic Acid Blotting and Hybridization 

DNA blotting was performed according to the 
method of Southern (1975). Except for blotted 
OFAGE and CHEF gels, blots were prehybridized and 
hybridized using nonfat dry milk as described by 
Johnson et al. (1984). DNA was labeled with 
[32P]dCTP by the random priming method of Fein- 
berg and Vogelstein (1983). 

RESULTS 

Isolation of the Class I Jumping Clone pHS.1 

An amplified jumping library from the MHC hemi- 
zygous B-lymphoblastoid cell line 3.1.0 (HLA-A2, 
B27, Cwl) was screened with a labeled 6.6-kb EcoRI 
fragment carrying the HLA-H class I gene (Chorney 
et al., 1990) as a probe. A total of 300,000 plaques were 
screened, 6 clones were initially isolated from the li- 
brary and one was chosen for further analysis. The 
insert from this class I+ clone, which was contained 
within a 5-kb EcoRI fragment, was subsequently sub- 
cloned into the plasmid pUC19 to facilitate sequenc- 
ing and mapping and was termed pHS.1 (Fig. 1). 

pHS.1 Contains a Portion of the HLA-H Class I Gene 

To aid us in characterizing our jumping clones, we 
first subcloned the majority of the EcoRI fragments 
carrying class I genes into the Bluescript (KS)) plas- 
mid (Stratagene, La Jolla, CA); these fragments were 
derived from both phage and cosmid clones isolated 
from 3.1.0 genomic libraries. Subcloning was followed 
by end sequencing using both forward (universal) and 
reverse Ml3 oligonucleotide primers; this allowed the 
creation of a database of EcoRI end sequences. 

To characterize pHS.1 initially, we used both the 
forward and the reverse Ml3 oligonucleotide primers 
to obtain the nucleotide sequence from the ends of the 
insert. Sequence from the forward primer (which was 
coincidentally adjacent to the class I-hybridizing se- 
quence) demonstrated that the jumping clone pos- 
sessed 100% nucleotide homology to the comparable 
end sequence of the EcoRI fragment carrying the 
HLA-H gene [the EcoRI restriction site is located ap- 
proximately 1200 bp upstream of the translation initi- 
ation codon (Chorney et aL, 1990)]. Included in the 
comparison was over 300 nucleotides read from the 
jumping clone sequencing gel. Both pHS.1 and the 
EcoRI fragment containing HLA-Hpossessed approx- 
imately 98% homology compared to the comparable 
region from the EcoRI fragment carrying the HLA-A2 
gene. Compared to the EcoRI fragment carrying the 
HLA-B27 gene, the jumping clone possessed only 90% 
homology over the comparable 300-bp stretch (data 
not shown). 

The restriction map of pHS.1 is presented in Fig. 1. 
The supF gene, characterized by an AuaI site, lies ap- 
proximately in the middle of the insert. The class I- 
hybridizing fragment (approximately 2.0 kb of se- 
quence) is shown to the left of the supF gene. The 
restriction map of the class I fragment contained in 
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pHS.1 was identical to the restriction map of HLA-H 
with respect to all of the enzymes tested. Sites unique 
to HLA-H, such as EcoRV (position 346) and PstI 
(position 1284), were also found within the class I-hy- 
bridizing fragment of pHS.1 at approximately identi- 
cal positions with respect to the EcoRI end. For these 
reasons, we feel that the class I fragment contained 
within pHS.1 is derived from the HLA-H gene. 

Nucleotide sequence derived from the reverse 
primer and coming from the jump fragment failed to 
match any of the sequences then available in Gen- 
Bank. 

pHS.1 Jumps into a Group of Overlapping Cosmic& 
One of Which Contains the HLA-G Class I Gene 

The 1.8-kb EcoRI-BamHI fragment from pHS.1 
(derived from the non-class I-hybridizing jump frag- 
ment) was isolated and subcloned into pBluescript 
(KS)). This subclone was termed pHS.2. We used 
pHS.2 as a probe and hybridized it to our cosmid 
clones containing class I genes. After high stringency 
washing, we observed that it hybridized to CosRS27, 
which contains the HLA-G class I gene, as well as to a 
group of near identical cosmids, all of which contain a 
putative class I pseudogene (CosRS23, RS29, RS34, 
and RS40) (Fig. 2A). Digestion of cosmid CosRS23, 
representative of the group, as well as CosRS27 with 
EcoRI followed by Southern blotting and hybridiza- 
tion with pHS.2 demonstrated that a 3.0-kb EcoRI 
fragment was recognized in each clone (Figs. 2B and 
C). EcoRI digestion of genomic DNA from unrelated 
individuals followed by hybridization with pHS.2 
yielded a 3-kb fragment (data not shown). Since 
pHS.2 failed to cross-react with any other genomic 
fragments, it appears that the probe is unique copy. 

We additionally confirmed that the 3.0-kb EcoRI 
fragment was the fragment to which our clone jumped 
(the starting point being the HLA-H class I gene). 
First, EcoRI-BamHI double digests of both CosRS27 
and CosRS40 DNA followed by hybridization with 
pHS.2 yielded a 1.8-kb hybridizing fragment. Second, 
after subcloning into the pBluescript (KS)) plasmid, 
the 3.0-kb EcoRI fragment from CosRS27 was end 
sequenced. The sequence of one end was identical to 
the class I- EcoRI end of pHS.1(300 bp read off of the 
sequencing gel). 

The EcoRI restriction maps of CosRS27 and a rep- 
resentative of the overlapping group of cosmids 
(CosRS40) are presented in Fig. 3; also shown is the 
map of CosRS6 which contains the class I gene HLA- 
H. As the hybridization data using pHS.2 suggested 
above, CosRS27 and the CosRS23, RS29, RS34, and 
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FIG. 2. Hybridization of pHS.2 to class I gene-containing cos- 
mids. (A) Approximately 0.01 pg of DNA from individual class 
I-containing cosmid clones was spotted onto Biotrans (ICN, Costa 
Mesa, CA) nylon filter and probed with pHS.2. The filter was 
washed extensively with 0.1X SSC at 65°C. Positive clones are 
CosRS23, CosRS27, CosRS29, CosRS34, and CosRS40. A very low 
level of background is visible with Cos30, CosRS37, CosRS38, and 
CosRS45. (B) DNA from two of the positive clones (CosRS23 and 
CosRS27) as well as DNA from two of the negative clones (CosRS4 
and CosRSl7, chosen at random) was digested with EcoRI, elec- 

trophoresed on a 1% agarose gel, and stained with ethidium bro- 
mide. The positions of molecular size markers (1-kb ladder from 
BRL, Gaithersburg, MD) are to the right of the stained gel. (C) 
The same gel as in B, blotted onto nylon membrane and probed 
with pHS.2. The arrow to the left of B shows the common 3.0-kh 
fragment in both CosRS23 and CosRS27 to which pHS.2 hybrid- 
ized. 

RS40 group of cosmids were found upon further in- 
spection to overlap (Fig. 3). 

The need for proceeding with caution in assigning 
jumps in the class I region is due to the fact that the 
HLA class I family is composed of recently duplicated 
genes (and their attached flanking sequences), all of 
which possess high levels of nucleotide homology 
(Chorney et al., 1990). We feel that these data in toto 
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FIG. 3. EcoRI restriction maps of cosmids CosRS6 (vector pJBb), CosRS27 (vector pcos2EMBL), and CosRS40 (pcos2EMBL). To 
obtain restriction maps, cosmid DNA was linearized with Cl01 or XhoI (CosRS27 and CosRS40) or with SalI (CosRSG), all of which cleave 
within the vector sequences. This was followed by partial digestion with EcoRI. The partial digests were run overnight on 1.5~mm vertical 
field inversion agarose gels as described in Chorney et al. (3). After blotting, the gels were probed with appropriate vector fragments located 
on either side of the CfaI, XhoI, and SaZI restriction sites. High-molecular-weight markers from BRL (Gaithersburg, MD) served as size 
standards. a and /3 refer to pcos2EMBL vector fragments that fused with insert DNA (Sau3AI ends ligated into the BamHI cloning site) 
during the production of the cosmid library. EcoRI fragments carrying class I gene sequences are presented as shaded boxes. The symbol # 
refers to a confirmed pseudogene in CosRS6 and a putative class I pseudogene contained in cosmids CosRS27 and CosRS40. The positions of 
probes pMC6.7, pMC27.7, and pHS.2 are also marked. The dashed line indicates the linkage of the cosmids as defined by jump clone pHS.1 
and represents approximately 40 kb (or less) of as yet uncloned genomic DNA. The process of orienting CosRS6 with respect to the 
overlapping cosmids CosRS27 and CosRS40 as well as orientating the direction of HLA-H and HLA-G transcription is described under 
Results. 

confirm that pHS.1 jumped from HLA-H into the 
HLA-G locus. More importantly, these data place 
HLA-G in close physical proximity (approximately 
100 kb) to the HLA-H gene, 

Orientation of the Jump 

The orientation of the jump as well as the tran- 
scriptional orientation of both the HLA-H and the 
HLA-G class I genes was determined by the following 
experiments. First, the orientation of the jump was 
accomplished by digesting CosRS27 with BamHI fol- 
lowed by probing consecutively with pMC27.7 and 
pHS.2. The strategy was as follows: Since pHS.2 
(composed of a 1.8-kb EcoRI-BamHI fragment) falls 
within the 3.0-kb EcoRI fragment that lies next to 
pMC27.7, hybridization of both fragments to the 
identical BamHI fragment would indicate that pHS.2 
lies immediately adjacent to pMC27.7 (the 700-bp 
EcoRI fragment comprising pMC27.7 does not con- 
tain a BamHI site). Hybridization of fragments to dif- 
ferent DNA bands would indicate that pHS.2 was at 
the opposite end of the 3.0-kb EcoRI fragment. In- 
deed, the probes hybridized to different DNA seg- 
ments (data not shown). Therefore, this result places 
HLA-H to the left of HLA-G as presented schemati- 
cally in Fig. 3. The transcriptional orientation of 
HLA-G was determined by subcloning the EcoRI 

fragment containing the HLA-G gene from CosRS27 
followed by end sequencing. One end of the fragment 
contained plasmid due to a fusion with vector during 
cosmid construction; the other end was found to con- 
tain the 5’ end of the class I HLA-G gene. On the basis 
of the orientation of the jump and the sequencing re- 
sults, both HLA-G and HLA-Hpossess the same tran- 
scriptional orientation. 

We believe that the class I+ EcoRI fragments 5’ to 
HLA-G (Fig. 3) carry a single class I pseudogene alle- 
lit to the HLA-X (HLA-7.5p, HLA-9p) class I gene 
isolated from the B-LCL 721 line as described by 
Koller et al. (1987, 1989). These investigators also 
demonstrated by cosmid cloning that their HLA-G 
and HLA-X (7.5p, 9p) cosmid clones overlapped. Us- 
ing an exon 2 oligonucleotide probe derived from an 
HLA class I consensus sequence, we have observed 
the hybridization of the probe to CosRS40 but not to 
CosRS27 (M. Chorney, unpublished). Given the re- 
sults above and assuming that the EcoRI fragments 
carry a single class I pseudogene, the transcriptional 
orientation of the HLA-X pseudogene would be iden- 
tical to HLA-G and HLA-H. Therefore, the three 
genes would be aligned head to tail. The approximate 
map positions of the genes within the class I region of 
the MHC are presented in Fig. 6; their orientation 
along the short arm of chromosome 6 is further dis- 
cussed below. 
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FIG. 4. OFAGE blots of 3.1.0 DNA probed with HLA-G (pHS.2; pMC27.7) and HLA-H (pMC6.7) locus-specific probes. Yeast chromo- 
somes and bacteriophage X multimers served as size standards. Molecular sizes are indicated to the left of the figure. Enzymes used for 
digestion are presented below each lane. The enzymatic treatment of 3.1.0 genomic DNA with BssHII and Not1 consistently resulted in the 
incomplete cleavage of the 500- and 540-kb fragments, presumably due to partial methylation. 

pHS.2 and Low-Copy Probes from the HLA-H and 
HLA-G Loci Hybridize to the Same Megabase 
Restriction Fragments 

We next hybridized pHS.2 to blots of 3.1.0 genomic 
DNA digests that had been separated by OFAGE. 
pHS.2 hybridized to 540-kb Not1 and 500-kb BssHII 
fragments (Fig. 4). BssHII-Not1 double digestion 
yielded a fragment of approximately 300 kb. pHS.2 
also hybridized to a 300-kb Sal1 fragment that is con- 
tained within both the Not1 and the BssHII frag- 
ments. Identical results were obtained by using the 
HLA-G-specific 700-bp EcoRI fragment (pMC27.7) 
that lies next to the 3.0-kb EcoRI fragment within 
CosRS27 (Fig. 4; only the BssHII and BssHII-Not1 
digestions are shown). Like pHS.2 and pMC27.7, 
both the HLA-H locus-specific probe pMC6.7 (Fig. 4) 
and the HLA-A-specific probe pHLA-2a.l also hybrid- 
ized to the same fragments (see Chorney et al, 1990). 
These data demonstrate that the jump is totally con- 
tained within at most 300 kb of 3.1.0 DNA as defined 
by SalI single and BssHII-Not1 double digests. 

We next hybridized the same probes to PFGE blots 
of JY DNA. This was done because the 3.1.0 cell line 
had originally been gamma-irradiated; the possibility 
existed, therefore, that the single copy of the 3.1.0 
MHC had undergone rearrangement. Figure 5 shows 
the results of the Southern blottings. First, pHLA- 
2a.1, pMC6.7, pHS.2, and pMC27.7 (data not shown) 
all hybridized to an identical Not1 megabase fragment 

of 500-600 kb as was observed for 3.1.0. However, di- 
gestion with BssHII alone yielded a series of three 
radioactive fragments, the largest of which was 300 kb 
and identical for each probed used. The most plausi- 
ble explanation for the multiple BssHII fragments is 
partial methylation of the BssHII recognition sites 
(GCGCGC); these data suggest that the JY genomic 
DNA in this class I subregion is undermethylated 
compared to 3.1.0. The second of the BssHII frag- 
ments (approximately 250 kb) recognized by each of 
the probes (pMC27.7 data not shown) was also identi- 
cal. BssHII followed by Not1 digestion failed to reduce 
any of the BssHII fragments’ molecular sizes, sug- 
gesting that the BssHII fragments are totally con- 
tained within the Not1 megabase fragment. These 
data further suggest that the three genes are tightly 
linked in the JY genome and fall within a common 
250-kbBssHI1 fragment. BssHII andNot in combina- 
tion with additional restriction enzymes are being 
used to determine the exact distances separating the 
three genes. In addition, it would appear that the 3.1.0 
genome has not undergone major rearrangements in 
this class I subregion as assessed by PFGE. 

DISCUSSION 

In the present report, we have demonstrated the 
physical linkage of two class I genes found within the 
540-kb Not1 genomic fragment that partially consti- 
tutes the class I region of the human MHC. Our map- 
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FIG. 5. CHEF gel blots of JY DNA probed with pHLA-2a.l 
(p2a.l), pMC6.7, and pHS.2. The multiple digests presented in the 
figure were run side-by-side on a single gel and blotted. Afterward, 
the nylon membrane was cut into strips and probed. To determine 
whether the fragments hybridized by each probe were identical, 
individual blots were stripped and rehybridized with a different 
probe. Enzyme digests are presented below; molecular sizes are to 
the right. 

ping assignments have been aided by the isolation and 
characterization of a class I jumping clone (pHS.1) 
that has allowed us to place the HLA-G class I gene 
(originally termed HLA-6.0; Geraghty et al., 1987) 
within approximately 100 kb of HLA-H (Chorney et 
aZ., 1990). However, the exact distance separating the 
two nonclassical class I genes may be less, due to the 
fact that the range of jumps performed with clones 
isolated from the same library extends from as little 
as 30 to 130 kb (average of 60-65 kb; F. Collins, per- 
sonal observation). The close linkage of both genes to 
the HLA-A locus has been further supported by 
PFGE experiments. Using low-copy probes from 
clones containing HLA-H, HLA-G, and HLA-A genes 
(this report and Chorney et al., 1990) as well as a 
unique-copy probe from the pHS.1 jumping clone, we 
have observed their hybridization to identical 300-kb 
BssHII-Not1 and 250-kb BssHII genomic fragments 
from the B-lymphoblastoid lines 3.1.0 and JY, respec- 
tively. 

Although the three class I genes are linked within a 
250- to 300-kb stretch of DNA, it is important to ad- 
dress the question of whether HLA-H is positioned 

centromeric or telomeric to HLA-A. At present, the 
possibility that HLA-H lies centromeric to HLA-A 
and that the clone pHS.1 has jumped over the HLA- 
A2 gene cannot be conclusively ruled out. We feel, 
however, that the jump extends telomeric and away 
from the HLA-A gene, with the HLA-H gene posi- 
tioned between HLA-A and HLA-G. In support of this 
hypothesis is the fact that we have cloned 56.9 kb of 
DNA located between HLA-H and the jump frag- 
ment. A portion of this DNA is contained within cos- 
mid RS42, which partially overlaps CosRS6 (Chorney 
et al., 1990). Since the jump library is approximately 
100 kb (60-65 kb average), slightly greater than 40 kb 
of DNA has yet to be cloned. Our HLA-A2 cosmid, 
CosRS28, consists of 40 kb of DNA; we have been 
unable to show any overlap with either CosRS42 or 
CosRS27. If HLA-A2 were positioned between HLA- 
H and HLA-G, it would require that the 40 kb of 
CosRS28 be contained exclusively within the approxi- 
mately 40 kb stretch of uncloned DNA. This appears 
unlikely. Although the exact distance separating 
HLA-H from HLA-A2 has not yet been established, 
the distance can be no greater than 200 kb given the 
PFGE data presented above. The map of the HLA-A 
subregion is presented in Fig. 6. 

Class I &a genes in the mouse are of limited poly- 
morphism and expressed only in certain tissues, un- 
like their classical counterparts found within the H-2 
region. The mouse Qa region falls immediately telo- 
merit of the H-2D region and contains 8 to 10 class 
I-hybridizing genes and pseudogenes located within 
approximately 200 kb of DNA (Flavell et al., 1986). 
On the basis of the findings of this report, we have 
localized two novel class I genes and their two linked 
pseudogenes (Fig. 6) telomeric to HLA-A2 and have 
established a possible &a-like subregion within the 
human MHC broadly analogous to that of the mouse; 
however, unlike the mouse Qu region, the human Qa 
region may be more sparsely populated with class I 
genes. One of the genes, HLA-G, is expressed (Rinke 
de Wit et al., 1990; Ellis et al., 1990; Kovats et al., 1990; 
Shukla et al., 1990) and due to a termination in its 
sixth exon resembles a mouse Qa gene (Geraghty et 
al, 1987). The other gene, which has been designated 
HLA-H by the WHO Nomenclature Committee, is 
most probably a pseudogene due to an in-frame termi- 
nation codon in its fourth exon; however, at the RNA 
level, this gene is also expressed (Chorney et al., 1990; 
Zemmour et al., 1990). Two additional members of 
this assemblage include the HLA-F class I gene 
(Koller et al., 1989) and cdul2 (Ragoussis et al., 1989). 
HLA-F possesses a unique pattern of tissue expres- 
sion (Geraghty et al, 1990); it has been physically 
linked to the HLA-G gene and maps telomeric to 
HLA-G on chromosome 6 (D. Geraghty, personal com- 
munication). The cdal2 gene has been mapped to 
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Chromosome 6-Class I Region of the MHC 

J&t1 Fragments 

Class I Loci BC E ! I 

/ . / . 
5200kb < lOOkb/ 

FIG. 6. Map of the human HLA-A class I subregion. The Not1 fragments partially composing the class I region are presented above along 
with the positions of the major class I loci. The approximate positions of the HLA-A, HLA-H, HLA-G, and HLA-F genes (from Ref. (19)) 
along with their linked pseudogenes (#) are indicated on an enlargement of a section of the 540-kb Not1 fragment. The exact physical 
distance separating HLA-A from HLA-H is unknown (represented by the arrow) but can be no greater than 200 kb. The transcriptional 
orientation of the HLA-A gene and its two linked pseudogenes with respect to HLA-H and HLA-G on the short arm of chromosome 6 has not 
yet been determined. The centromere is proximal to HLA-B in the figure. 

within 50 kb of HLA-A (Ragoussis et al., 1989). Its 
exact orientation with respect to the nonclassical 
class I genes studied in this report has not been deter- 
mined. 

The nonclassical human class I genes residing 
within the 540-kb Not1 fragment have presumably 
arisen by the process of gene duplication prior to the 
separation of the chimpanzee from man; this is sup- 
ported by the fact that HLA-A2 flanking probes hy- 
bridize to fragments flanking the HLA-H and HLA-G 
class I genes (Chorney et al., 1990). The argument of a 
recent duplication is further supported by the HLA-H 
gene, which is greater than 90% homologous in its 
overall nucleotide sequence to certain HLA-A class I 
genes (Chorney et aZ., 1990; Zemmour et al., 1990). 
The duplication phenomenon is reminiscent of that 
in the mouse, where H-2K and certain &a genes most 
probably have arisen through the duplication of an 
ancestral class I gene (Weiss, 1987). At present, the 
evolutionary relationships between the mouse Qu and 
TZu genes and the human nonclassical MHC class I 
genes are unclear (Stroynowski, 1990). 

Koller et al. (1989) have studied the segregation of 
locus-specific markers in recombinant MHC families. 
Their genetic data have demonstrated that the HLA- 
G locus lies 8 CM telomeric to the HLA-A subregion; 
this subregion, on the basis of study of HLA loss mu- 
tants, is composed in part of both the HLA-A and the 
HLA-5.4~ (an allele of HLA-H) class I genes, which 
appear to be in tight physical linkage. A surprising 
result of this present study is the suggestion of a possi- 
ble recombinational hot spot within certain human 
MHC haplotypes. This is based on the PFGE results 
which have demonstrated that the physical distance 
separating the HLA-A and HLA-G loci in the 3.1.0 cell 

line is no greater than 300 kb (approximately 100 kb 
minimum) compared to the nearly 8 CM of genetic 
distance separating the same class I genes in certain 
individuals (Koller et al., 1989). If one divides the ge- 
netic distance (8 CM) converted into kilobases (1 CM 
is roughly equivalent to 1 Mb; Ott, 1985) by the actual 
physical distance (100-300 kb), one obtains a factor of 
27-80. This suggests that because of increased recom- 
bination in the area of those MHC haplotypes stud- 
ied, the genetic distance may be 27-80 times greater 
than that predicted by the physical distance alone. It 
may be noted that discrepancies in genetic versus 
physical distances have been previously noted (Ful- 
ton et al., 1989; Higgins et al., 1990) as have MHC 
recombinational hot spots at least in the mouse 
(Steinmetz et al., 1986; Kobori et al., 1986). Although 
these results are only suggestive, the confirmation 
that a bona fide recombinational hot spot exists 
within the human Qu-like region of the human MHC 
clearly warrants further investigation. 
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