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The human MHC, the HLA complex, is a genetic region located on the short
arm of chromosome 6 (1) . HLA class I genes encode a 44-kD polypeptide that as-
sociates with the non-MHC-encoded 12-kD polypeptide, /32-microglobulin (re-
viewed in reference 2) . The most extensively characterized members of the HLA
class I gene family are the genes encoding the major transplantation antigens, HLA-A,
HLA-B, and HLA-C. A genetic map of 6p based on recombination fractions places
HLA-B 0.2 cM proximal of HLA-C, and HLA-A 0.8 cM distal to HLA-C.

Southern blot analysis has shown that the HLA class I gene family contains many
more hybridizing DNA segments than can be accounted for by HLA-A, -B, and -C
genes (3) . To precisely define the extent of the HLA class I gene family, we have
undertaken the isolation and characterization ofgenomic clones for each ofthe HLA
class I genes present in the genome of the human B-lymphoblastoid cell line (B-
LCL)t 721 . Three of these clones have been shown to contain the non-A, -B, and
-C class I genes HLA-E (4), HLA-5.4 (Geraghty, D. E., H . T. Orr, and B. H . Koller,
submitted for publication), and HLA-6.0 (5) . A panel of HLA loss mutants was used
to position the HLA-E gene between HLA-C and HLA-A (4) .

In this report we describe the subcloning oflocus-specific DNA markers from each
ofthe non-HLA-A, -B, and -C genomic clones that detect restriction fragment-length
polymorphisms in genomic DNA. These markers are used to analyze irradiation-
induced HLA loss mutants derived from B-LCL 721 (6-8) and a large, HLA-typed
pedigree (9) . By a combination of deletion analysis and linkage analysis, a map of
the HLA class I gene family has been obtained .
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Materials and Methods
Cell Lines.

	

y ray-induced HLA loss mutants (Table I) were derived after y irradiation
of the human B-LCL 721, as previously described (6-8) . These lines were typed at the HLA-
A, -B, and -DR loci and at the glyoxylase-1 (GLO-I) locus by serological and electrophoretic
methods, respectively. EBVtransformed lymphoblastoid cell lines were established from 95
members of a large pedigree (9) . Each member of this pedigree was typed for HLA-A and
HLA-B antigens by the University of Minnesota Histocompatibility Laboratory (Minneapolis,
MN).

This research was supported by grants AI-18124 (H . T. Orr), RR01632 (S . S. Rich) and AI-15486 (R .
DeMars) from The National Institutes of Health .

Abbreviations used in this paper B-LCL, B lymphoblastoid cell line ; GLO-I, glyoxylase-1 .
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DNA Probes .

	

A cosmid library was constructed from B-LCL 721 genomic DNA by ligating
partial Sau 3A fragments of 35-40 kb into the Barn HI site of pHC79 . After in vitro pack-
aging and bacterial transfection, 106 colonies were screened at low stringency with an HLA-B
cDNA clone (10) . The 89 class I-positive clones were digested with Hind III and Southern
blots were probed with the HLA-B cDNA at low stringency. Cosmids containing the same
size class I-positive DNA fragments and corresponding in size to class I Hind III fragments
detected on a Southern blot of B-LCL 721 DNA were grouped together. The cosmid Southern
blots were also probed at high stringency with HLA-A-, HLA-B-, and HLA-C-specific probes
(see below) to identify clones containing these genes . From each cosmid group a representa-
tive cosmid was selected and a locus-specific DNA probe subcloned . Clones corresponding
to three HLA class I genomic Hind III segments were not represented in the cosmid library.
These three HLA class I sequences were, therefore, cloned from X partial genomic libraries
(4, 5) .

Table II lists each of the HLA DNA probes used, the HLA class I subregion from which
each was subcloned, and the polymorphic restriction fragments detected by each probe in
B-LCL 721 genomic DNA. Isolation of the HLA-A and HLA-B probes have been described
previously (11) . The HLA-C probe was subcloned from DNA flanking the HLA-C gene (4) .
At the HLA-5.4p/16.Op subregion, two class I sequences are located within contiguous Hind
III-generated restriction fragments of 5.4 and 16.0 kb. Probe 26.1 .27 is from DNA 18 kb
5' of the HLA-5.4p/16 .Op subregion and probe 26 .1 .4 is from DNA immediately 5' of the
HLA-16.Op gene . The HLA-7.5p/9.0p/HLA-6 .0 subregion consists oftwo class I-containing
sequences within contiguous Hind III-generated restriction fragments of 7 .5 and 9.0 kb, and
a third class I gene, HLA-6.0 (5), located -30 kb 3' of the 9.0-kb class I sequence . Probe
11 .2 .1 is from DNA located 5 kb 3' to HLA-9.0p, and probe 23 .2d is from DNA 20 kb 5'
to HLA-7 .5p . 12 .3 . 6 is a subclone from a cosmid containing the HLA-9.2p segment . Probe
5ASH is a Hind III-Sst I fragment subcloned from the 5' flanking region of the novel HLA
class I gene HLA-5.4 and B1.1.EH.11 is from a region 25 kb 5' of the HLA-E gene (4) . Probe
26.3 is a Xba I-Hind III fragment subcloned from the HLA-3.Op subregion .
p7H4 is a DNA clone isolated from a genomic library constructed with DNA from a human-

hamster hybrid cell line containing human chromosome 6p (12) . p7H4 was localized by pedi-
gree analysis to the terminus of 6p, 45 cM from HLA (10) . This probe detects polymorphic
Eco RV restriction fragments of 9 .1 and 11 .5 kb in B-LCL 721 DNA .
DNA Analysis .

	

Isolation of high molecular weight genomic DNA from B-LCLs, agarose
gel electrophoresis, Southern blotting of DNA onto nylon membranes, and probe hybridiza-
tion and wash conditions were as previously described (13) .

Pedigree linkage analyses were performed using the LINKAGE computer program package
(14) . Recombination frequency between marker loci was estimated by determining lod scores
and location scores .

Results
Strategy for the Construction ofan HLA Class I Chromosomal Map Using HLA Deletion

Mutants ofB-LCL 721 . Single-copy DNA segments were randomly subcloned from
genomic clones of each HLA class I subregion . Each subclone was tested for its ability
to detect heterozygosity for a restriction enzyme site polymorphism in B-LCL 721
genomic DNA by probing a Southern blot of digested DNA from two complemen-
tary HLA haplotype loss mutant B-LCLs, i .e ., DNA from an HLA-A1:GLO2 dele-
tion mutant cell line (e.g., .127) and DNA from an HLA-A2:GLO1 deletion mutant
cell line (e.g ., .45.1) . Once a polymorphism was confirmed, the corresponding probe
was then used to analyze digested DNA from various HLA deletion mutant cell lines
(Table I) . In addition to the HLA haplotype loss mutant cell lines, cell lines screened
with each probe included HLA-A2 loss mutant cell lines, HLA-B8 loss mutant cell
lines, and an HLA-A homozygous loss mutant cell line (Table I) .

Restriction Fragment-length Polymorphisms Detected by DNA Probes from HLA Class I



TABLE I

Loss ofMarkersfrom Chromosome 61b in Mutant Cell Lines
Derivedfrom Human B-LCL 721

Glyoxylase I (GLOI) and HLA-DR, HLA-A, and HLA-B were determined by
electrophoretic and serological procedures, respectively . Loss of HLA-A, HLA-
B, HLA-C, and 7H4 DNA was determined by Southern blotting with gene-
specific probes (see Table II) . Parental cell line B-LCL 721 is described in refer-
ence 6 . Mutant cell lines were selected as described in references 6-8 . Many
mutants have been analyzed prevously by karyotyping (6, 7, and unpublished
results) and/or by Southern blotting and HLA locus-specific probes (3, 23-25) .

Cell line GLO-I
Chromosome 6p markers

HLA-DR HLA-B HLA-C HLA-A 7H4
kb kb

Parental B-LCL
721 2 3 8 22 1 9 .1

1 1 5 14 2 11 .5
HLA-A1 :B8 haplotype loss

.13 2 - - - - 9 .1
1 1 5 14 2 11 .5

.19 2 - - ND - 9 .1
1 1 5 ND 2 11 .5

.31 2 - - - - 9 .1
1 1 5 14 2 11 .5

.34 2 - - - - 9 .1
1 1 5 14 2 11 .5

.40 2 - - - - 9 .1
1 1 5 14 2 11 .5

.45 .1 - - - - - -
1 1 5 14 2 11 .5

HLA-A2 :135 haplotype loss
.77 .1 2 3 8 22 1 9 .1

.111 2 3 8 22 1 9 .1
1 - - - - 11 .5

.116 2 3 8 22 1 9 .1
1 - - - - 11 .5

.117 2 3 8 22 1 9 .1
1 - - - - 11 .5

.118 2 3 8 22 1 9 .1
1 - - - - 11 .5

.127 2 3 8 ND 1 9 .1
HLA-A2 loss ;

.64 2 3 8 22 1 9 .1
1 1 5 14 - 11 .5

.74 2 3 8 22 1 9 .1
1 1 5 14 - -

87 2 3 8 ND 1 9 .1
1 1 5 ND - -

.108 2 3 8 22 1 9 .1
1 1 5 14 - 11 .5

HLA-B8 loss
.5 2 3 - ND 1 9 .1

1 1 5 ND 2 11 .5
.12 2 3 - - 1 9 .1

1 1 5 14 2 11 .5
.18 2 3 - - 1 ND

1 1 5 14 2 ND
.25 2 3 - - 1 9 .1

1 1 5 14 2 11 .5
HLA-A1 :B8, A2 loss

.144 - - - ND - -
1 1 5 ND - 11 .5
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Subregions .

	

Hybridization patterns obtained from DNA from the B-LCL mutants
with two of the HLA locus probes, 11.2 .1 and 26.1 .27, are shown in Fig. 1, A and
B, respectively. Probes detecting class I-associated restriction fragment-length poly-
morphisms in B-LCL 721 and the data obtained upon probing DNA from B-LCL
721 and ti irradiation-induced HLA loss mutants derived from B-LCL 721 are sum-
marized in Table II .

The HLA-B Subregion .

	

Taq I-generated polymorphic restriction fragments of 8.0
and 3 .2 kb are detected by the HLA-B-specific probe 1.1a. Both fragments are de-
tected in DNA from the parental B-LCL 721. DNA from the complementary HLA
haplotype deletion mutants examined does not contain the 8.0-kb band (HLA-A1:B8
loss mutants) or the 3 .2-kb band (HLA-A2:B5 loss mutants) . In DNA from the two
HLA-B8 loss mutants, .12 and .25, the 8.0-kb fragment is absent . As expected from
serological studies, HLA-B5-associated DNAis not deleted in HLA-A2 loss mutants.

The HLA-C Subregion .

	

TheHLA-C Subregion-specific probe, 114.5 .32, detects Bam
HI-generated restriction fragments of 22.0 and 14.0 kb in DNA from B-LCL 721.
One fragment, of 22 .0 kb, is absent in DNA from the HLA-A1:B8 loss mutants tested
and the other band, of 14.0 kb, is not present in DNA from the HLA-A2 :B5 deletion
mutants. The 22.0-kb fragment is also absent in the three HLA-B8 loss mutants
examined . Thus, the deletion ofDNA in these three cell lines includes both the HLA-B
and HLA-C loci from the short arm of one chromosome 6.

The HLA-A Subregion .

	

Two RFLPs in B-LCL 721 DNA are detectable with the
HLA-A probe2a.1, Msp I-generated fragments of 1.9 and2 .3 kb, andHind III-gener-
ated fragments of 4.7 and 5.1 kb . Analysis of DNA from the complementary HLA
haplotype loss mutant cell lines indicates that the 1.9-kb Msp I and the 4.7-kb Hind

FIGURE 1 .

	

Hybridization patterns obtained after
probing DNA from HLA loss B-LCLs with two
of the HLA locus-specific probes . (A) Genomic
DNA was digested with the restriction enzyme
Msp I and the Southern blot was probed with
11 .2 .1 . (B) Genomic DNA was digested with the
restriction enzyme Kpn I and the blot was probed
with 26 .1 .27 . Above each lane is indicated the B-
LCL from which the genomic DNA was obtained .
See Table I for the HLA loci absent from B-LCL .
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III fragments are associated with the HLA-Al gene, and the 2 .3-kb Msp I and 5.1-
kb Hind III fragments are associated with the HLA-A2 gene . Absence ofthe 2 .3-kb
Msp I fragment and the 5 .1-kb Hind III fragment in DNA from the HLA-A2 loss
mutants and the absence of all bands detected by 2a.1 in DNA from the HLA-A
homozygous loss mutant .144 are consistent with these assignments .

The HLA-E Subregion.

	

HLA-E is a recently described HLA class I gene (4) . An
HLA-E locus-specific probe, BLl.EH.11, was subcloned from the DNA 25 kb 5' of
the HLA-E gene . Previous analysis of DNA from HLA loss mutants with this probe
placed the HLA-E locus between HLA-C and HLA-A. The earlier data obtained with
the HLA-E-specific probe and the results of probing DNA from additional HLA
mutants with this probe are given in Table II . The location of the HLA-E Subregion
between HLA-C and HLA-A is supported by this additional data. One allele ofHLA-E
DNA is absent in all three of the HLA-B8 loss mutants and the other allele is gone
in two of the four HLA-A2 loss mutants examined . The region of overlap between
the deletions in the HLA-B8 loss mutants and the HLA-A2 loss mutants (Table I),
i .e., the location of the HLA-E subregion, is between HLA-C and HLA-A.

The HLA-5.4p116.Op Subregion.

	

This HLA class I subregion is defined by the con-
tiguous Hind III restriction fragments of 5.4 and 16.0 kb . Within each of these re-
striction fragments is an HLA class I sequence that by DNA sequencing is likely
to be a class I pseudogene (D. Geraghty and B . Koller, unpublished data) . Two single-
copy DNA segments, 26.1 .27 and 26.1 .4, separated by 18 kb ofDNA, were subcloned
from a cosmid insert containing the 5.4p and 16.Op sequences . The restriction frag-
ment-length polymorphisms detected in B-LCL 721 DNA and the hybridization
patterns obtained with these probes with the HLA loss mutants are presented in
Table II . DNA detectable by the 26.1 .4 probe is located within the deletion of all
four of the HLA-A2 loss mutants and within the homozygous deletion in mutant
.144 (Table II) . DNA detected by probe 26.1.27 is also absent in three of the four
HLA-A2 loss mutants . However, 26.1.27 DNA remains in the HLA-A2 loss mutant
.108 and one copy of 26 .1.27 DNA remains in the HLA-A homozygous loss mutant
.144 (Table II) . These data localize the 5 .4p/16 .Op subregion to the HLA-A region .
Furthermore, the differential loss of 26.1 .4 vs . 26.1.27 DNA in mutants .108 and .144
indicates that one y irradiation-induced breakpoint in these two cell lines lies within
the 5 .4p/16.Op subregion .

The HLA-9.2p Subregion .

	

This HLA subregion consists ofa single class I sequence
located within a 9.2-kb Hind III restriction fragment . DNA sequence analysis shows
that the 9.2-kb fragment contains an HLA class I pseudogene (B . Koller and D.
Geraghty, unpublished data) . The single copy probe, 12.3 .6, from the 9.2p subregion,
detects an Ava II polymorphism in B-LCL 721 DNA (Table II) . Presence of 9.2p
DNA in DNA from the HLA-A2 loss mutants .64 and .108 while 5.4p/16 .Op DNA
is absent in these mutants indicates that the HLA-9.2p subregion is located physi-
cally further from HLA-A than is the HLA-5.4p/16.Op subregion and/or these two
subregions are positioned on opposite sides of the HLA-A gene .

The HLA-7.5plR Op/HLA-6. 0 Subregion and the HLA-5. 4 and 3 . Op Fragments .

	

These
three HLA class I subregions are defined by class I-containing restriction fragments
of 7 .5, 9 .0, and 6.0 kb, 5 .4 kb, and 3.0 kb, respectively. The HLA-6.0 (6) and HLA-
5.4 genes are intact class I genes . The HLA-5 .4 gene has been designated HLA-F.
Both encode an HLA class I H chain with a shortened cytoplasmic segment . HLA-6.0
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maps to the 7 .5p/9-Op subregion, since a cosmid insert containing the 7.5p/9.0p genes
also contained the Tend of the HLA-6.0 gene (15) . RFLPs detected in B-LCL 721
DNA by single-copy probes from these subregions are presented in Table II . Anal-
ysis of DNA from the HLA loss mutants shows that 7 .5p/9.0p/HLA-6 .0, HLA-5 .4,
and 3.Op are located within a region flanking the HLA-A region . DNA from these
subregions is absent in two of the four HLA-A2 loss mutants and is present in all
of the HLA-B8 loss mutants examined .

The 5. 9p and 8. Opt Subregions.

	

Polymorphic DNA markers could not be identified
for these two HLA class I subregions . Nevertheless, the 5 .9p fragment was localized
within the MHC. This fragment contains an HLA class I pseudogene within a Hind
III restriction fragment of 5.9 kb . A single-copy probe isolated from the 5 .9-kb
subregion fails to hybridize to DNA from the homozygous HLA-A loss mutant .144
(Table II) . Thus, this result places the 5.9p subregion withing the homozygous dele-
tion in cell line .144 . At this time it is not possible to position the HLA-8.Op2 frag-
ment within the class I gene map. Single-copy DNA segments subcloned from this
class I subregion did not detect any RFLPs in B-LCL 721 genomic DNA (data not
shown) . Moreover, HLA-8.Op2 DNA remains in the HLA-A homozygous loss mu-
tant .144 .
HLA Class I Gene Order Determined by Genetic LinkageAnalysis.

	

Although results ob-
tained with the HLA deletion mutant B-LCLs indicate that the HLA-6.0 and HLA-
5.4 genes are located distal to HLA-C, these two genes could not be positioned rela-
tive to HLAA . Therefore, 95 members from a large, HLA-typed pedigree were
screened with the DNA markers 5ASH, 23 .2d, and 23 .3 .6 from the HLA-5.4, HLA-
6.0, and HLA-9 .2p loci, respectively, and genetic linkage analyses were performed .

Table III presents results of two-point linkage analysis using these DNA markers
and HLA-A. Significant linkage was found between HLA-A and 5ASH, between
HLA-A and 23 .2d, between HLA-A and 12 .3 .6, and between 5.45H and 12 .3 .6, i .e.,
maximum lod scores >3.0 . Two informative recombinations between HLA and 5ASH
were found . Fig . 2 presents the data for one of these informative recombinations .

TABLE III

Two-point Linkage Results

LOD score

B
HLA-A
5ASH

HLA-A
23.2d

HLA-A
12 .3 .6

5ASH
23 .2d

SASH
12 .3 .6

23 .2d
12 .3 .6

.00 -00 -00 -00 2 .12 -00 1 .47
.05 6 .54 4 .26 2 .91 1 .93 3 .38 1 .28
.10 6 .76 4 .41 3 .08 1 .68 3 .00 1 .08
.15 6 .17 4.07 2 .77 1 .40 2 .51 0 .88
.20 5 .26 3 .55 2 .30 1 .11 1 .99 0 .68
.25 4 .20 2 .95 1 .78 0 .82 1 .50 0 .51
.30 3 .09 2 .31 1 .25 0 .55 1 .05 0 .34
.35 1 .99 1 .66 0 .75 0 .32 0 .65 0 .22
.40 1 .01 1 .03 0 .35 0 .14 0 .32 0 .11
.45 0 .29 0 .46 0 .09 0 .03 0 .09 0 .04
.50 0 .00 0.00 0 .00 0 .00 0 .00 0.00

MAX LOD 6.82 4 .44 3 .11 2 .12 3 .42 1 .47
0 .08 .08 .08 .00 .03 .001
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FIGURE 2. An individual
having a recombination be-
tween HLA and the DNA
marker 5ASH . Anuclear family
from the large HLA-typed ped-
igree (9) is depicted . HLA-A
andHLA-B data are presented
as haplotypes . The Southern
blot data for marker 5ASH
upon digestion with the restric-
tion enzyme Xba I is depicted
showing the fragments corre-
sponding to allele 1 (upper band)
and to allele 3 (lower band).

Individual 69 shares both HLA haplotypes with three of his sibs, individuals 81,
45, and 32 . However, individual 69 is homozygous for 5ASH, while 81, 45, and 32
are heterozygous for 5ASH . Thus, individual 69's HLA-5.4SH genotype is the re-
sult of a recombination between HLA and 5ASH. Importantly, HLA-A andHLA-B
segregated together from 5ASH in individual 69 .

To determine gene order and genetic distances between loci, three-point and four-
point linkage analyses were performed (14). The results are shown in Table IV. In
both analyses 5ASH and 23 .2 mapped to the same genetic locus, i.e., no recom-
binants separating these two markers were detected . Three-point linkage analysis
(Table IV) indicated a most favored gene order (order 1) with 5.4SH/23 .2d 8 cM
distal to HLA-A . The second most favored order (order 3) places 5.4SH/23.2d 11
cM proximal of HLA-B. The least favored order (order 2) places 5.4SH/23.2d be-
tween HLA-A and HLA-B. Relative odds for the first two orders vs . the third were
1 .8 x 10 1° and 1.8 x 109, respectively. A 10-fold difference in relative odds is not
considered to be statistically significant . However, results with the HLA deletion
mutant LCLs show that 5ASH and 23 .2d could not be located proximal to HLA-B,

TABLE IV

Multi-point Linkage Results

_Order Three-point Linkage Results Relative Odds

1 HLA-B-(0.01)-HLA-A-(0.08)-5 .45H/23.2d 1 .8 x 10 10
2 HLA-B-(0 .01)-5 .45H/23.2d-(0.01)-HLA-A 1
3 5.45H/23 .2d-(0 .11)HLA-B-(0 .01)-HLA-A 1 .8 x 109

Four-point Linkage Results

4 HLA-B-(0.01)-HLA-A-(0.08)-5 .45H/23 .2d-(0 .02)-12.3 .6 1.76 x 10 1
5 HLA-B-(0.02)-5 .4H/23 .2d-(0 .01)-HLA-A-(0.11)-12 .3 .6 1
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Achromosomal map of the HLA class I gene family. The position of HLA-E was
determined previously using the HLA loss B-LCL cell lines (4) . HLA class I loci linked either
within the same cosmid insert or by overlapping cosmids to the HLA-A, HLA-B, or HLA-G
(6.0)/HLA-F (5 .4) genes are indicated immediately below each locus (17) . The HLA-5.4p/16p
locus is placed at HLA-A based on analysis of deletion B-LCLs as is the HLA-5.9p locus (see
Table I and text). The genetic distances between each marker locus are indicated in cM .

since mutants were found in which both HLAA and 5.4SH/23 .2d DNAwere deleted
while HLA-B DNA was retained, e.g ., mutants .74 and .87 in Table II . These data
eliminate the proximal order (order 3) as a possibility, leaving only the order with
5.4SH/23 .2d distal to HLA-A (order 1), favored by relative odds of 1.8 x 10" to 1
over the remaining order with 5 .4SH/23.2d between HLA-B and HLAA.

Four-point linkage analysis with HLA-A, HLA-B, 5 .4SH/23.2d, and 12.3 .6 also
places the 5.4SH/23 .2d locus distal to HLAA. In addition, the 12.3 .6 locus is located
distal to the 5.4SH/23.2 locus. The most favored four-point order, order 4 in Table
IV, places 5.4SH/23 .2d 8cM distal to HLAA and 12.3 .6 2 cM distal to 5.4SH/23 .2d.
This order has relative odds of 1.76 x 10" over the next most favored four-point
order (order 5) .

Construction ofan HLA Class 1 Chromosomal Map.

	

Data from analysis of genomic
clones (15), HLAdeletion B-LCLs, and multi-point linkage analyses of a large HLA-
typed pedigree were combined to generate a chromosomal map of the HLA class
I gene region that contains 16 of the 17 class I segments isolated from B-LCL 721.
The map (Fig. 3) consists of six genetic loci, HLA-B, HLA-E, HLA-A, HLA-F
(5.4)/HLA-6.0, and HLA-9.2p. This region is bounded by the HLA-B locus at the
proximal end and by the HLA-9.2p locus at the distal end and spans a genetic dis-
tance of 11 cM . Additional class I segments are positioned at some of these loci by
virtue of their physical linkage to the marker gene or by analysis of the HLA dele-
tion B-LCLs. Thus, the HLA-1.7p segment is placed at the HLA-B locus, since the
two are located within the same cosmid insert (15) . In a similar manner, the HLA-
8pl, HLA-2p, and HLA-7p segments are placed at the HLA-Alocus (15) . The HLA-
5.4p and -16p segments are also positioned at the HLA-A locus, since in every HLA
deletion where B-LCL deletes HLA-A DNA, HLA-5.4p and -16p DNAare also deleted
(Table II) . The HLA-7.5p and HLA-9p segments are placed at the HLA-6.0/HLA-
F (5 .4) locus by overlapping cosmid clones (15) . Finally with the placement of the
HLA-6.0 gene on the genetic map, we propose that this gene be designated HLA-G.

Discussion
RFLPs have been identified for 16 of the 17 HLA class I segments present within

the genome ofhuman B-LCL 721. Analysis of mutant .19 DNA with the HLA locus-
specific probes shows that each of the non-HLA-A, -B, and -C loci are located within
the 6p deletion present in mutant .19 (Table II) . Southern blot analysis of mutant
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.19 indicates that the deletion of DNA extends from a breakpoint between HLA-
DPI and DR 1 (16) to a position proximal to the marker 7H4 (12) . Therefore, the
entire HLA class I gene family in B-LCL 721 is located within this region on chro-
mosome 6 . This is consistent with the earlier description of a single predominant
site of hybridization for a HLA class I probe by chromosomal in situ hybridization
(17) . The one class I fragment that might not be located in this region of the short
arm of chromosome 6 is HLA-8p2, for which a polymorphic DNA marker has yet
to be obtained .

Placement of the non-A, -B, -C class I genes HLA-E, HLA-F (5.4), and HLA-G
(6.0) distal to HLA-C supports earlier predictions on the organization of the HLA
complex based on evolutionary considerations (18) . If one assumes that the non-A,
-B, and -C genes are related to the murine Qa and Tla genes, then the organization
of the HLA class I genes shown in Fig . 3 is similar to the supposed organization
of H-2 class I genes before the translocation of the H2-K locus from the vicinity
of Qa to its current position centromeric to the I region (19) .
One implication of the HLA map depicted in Fig . 3 is that the general organiza-

tion of mammalian MHC class I gene family evolved before speciation . Yet, the
human class I gene family occupies a substantially larger genetic region than does
the murine class I gene family, i .e ., 11 cM between HLA-B and HLA-9 .2p vs . 1 .6
cM from H-2D to Tla (20) . Estimates, based on pulse field gel electrophoresis linkage,
of the physical size of the HLA class I region are slightly less than 2,000 kb (21,
22) . This is somewhat larger than the 1,000-kb distance estimated to separate H-2D
from Tla in the mouse genome (20) . Thus, while some of the increase in genetic
size of the HLA class I region over the H-2 class I region can be accounted for by
additional DNA, the vast majority seems to be due to a relative high recombination
frequency distal to HLA-A in human.
An interesting point concerns whether such recombinational hotspots occur distal

to HLA-A in all HLA-haplotypes . Thus, it will be important to examine other large
HLA-typed pedigrees with the appropriate DNA markers . Variation betweenHLA
haplotypes in the presence of recombinational hotspots distal to HLA-A may pro-
vide an explanation for the association of certain diseases with some HLA haplo-
types and not with other haplotypes .

Summary
17 HLA class I genes have been isolated from the genome of B-lymphoblastoid

cell line 721 . Sequence analysis and transfection studies indicate that three genes,
in addition to those encoding the HLA-A, -B, and -C antigens can direct the syn-
thesis of a class I a protein (4, 5, 21) . Using gene-specific DNA probes to analyze
the presence of restriction fragment-length polymorphisms within a large pedigree
and in panel ofHLA deletion mutant cell lines, we show here that two ofthese genes,
designated HLA-G and HLA-F, are located on the short arm of chromosome 6 telo-
meric to the HLA-A locus . The third expressed non-A, -B, and -C class I gene, HLA-E,
is located betweenHLAA and HLA-C(4). In addition, the remaining 11 class I pseu-
dogenes and gene fragments are localized relative to established markers on chro-
mosome 6p.

Receivedfor publication 14 September 1988.



KOLLER ET AL .

	

479

References

1 . Francke, U., and M. A . Pellegrino . 1977 . Assignmen t of the major histocompatibility
complex to a region of the short arm ofchromosome 6 . Proc. Natl. Acad. Sci. USA. 74:1147 .

2 . Ploegh, H . L., H. T. Orr, andJ. L . Stromonger. 1981 . Major histocompatibility antigens :
the human (HLA-A, -B, -C) and murine (H-2K, H-2D) class I molecules . Cell. 24:287 .

3 . Orr, H . T., F. H . Bach, H . L . Ploegh, J . L . Strominger, P. Kavathas, and R . DeMars .
1982 . Use of HLA loss mutants to analyze the structure of the human major histocom-
patibility complex . Nature (Land.). 296:454 .

4 . Koller, B . H., D . E . Geraghty, Y. Shimizu, R . DeMars, and H . T. Orr. 1988 . HLA-E:
a novel HLA class I gene expressed in resting lymphocytes . J. Immunol. 141:897 .

5 . Geraghty, D. E ., B . H . Koller, and H. R . Orr. 1987 . A human major histocompatibility
complex class I gene that encodes a protein with a shortened cytoplasmic segment . Proc .
Nad. Acad. Sci . USA. 84:9145 .

6 . Kavathas, P., F. H . Bach, and R . DeMars . 1980 . Gamma ray loss of expression of HLA
and glyoxylase I alleles in lymphoblastoid cells . Proc. Natl. Acad. Sci. USA. 77:4251 .

7 . Kavathas, P., R . DeMars, and F. H . Bach . 1980 . Hemizygous HLA mutants of lym-
phoblastoid cells : a new cell type for histocompatibility testing . Hum. Immunol. 4:317 .

8 . DeMars, R., C . C . Chang, and R . A . Rudersdor£ 1983 . Dissection of the D-region of
the human major histocompatibility complex by means of induced mutations in a lym-
phoblastoid cell line . Hum. Immunol. 8:123 .

9 . Rich, S . S ., P. Wilkie, L . Schut, G . Vance, and H. T. Orr. 1987 . Spinocerebellar ataxia:
localization of an autosomal dominant locus between two markers on human chromo-
some 6 . Am. f Hum. Genet . 41 :524 .

10 . Sood, A . K ., D . Pereira, and S . M. Weissman . 1981 . Isolatio n and partial nucleotide se-
quence of a cDNA clone for human histocompatibility antigen HLA-B by use of an oli-
gonucleotide primer. Proc . Natl. Acad. Sci. USA. 78:616 .

11 . Koller, B . H ., B . Sidwell, R . DeMars, and H . T Orr. 1984 . Isolation ofHLA locus-specific
DNA probes from the 3'-untranslated region . Proc. Nad . Acad. Sci. USA. 81 :5175 .

12 . Leach, R., R . DeMars, S. Hasstedt, and R . White . 1986 . Construction of a map of the
short arm of human chromosome 6 . Proc. Natl. Acad. Sci. USA. 83:3909 .

13 . Koller, B . H., F. E . Ward, R. DeMars, and H. T. Orr. 1985 . Comparison of multiple
HLA-A alleles at the DNA level by using Southern blotting and HLA-A-specific probes .

J. Immunol. 135:4229 .
14 . Lathrop, G . M .,J . M. Lalovel, andJ . Ott . 1985 . Multilocus linkage analysis in humans :

detection of linkage and estimation of recombination . Am. f. Hum. Genet. 37:482 .
15 . Koller, B . H., D. Geraghty, H . T. Orr, Y. Shimizu, and R . DeMars . 1987 . Organization

of the human class I major histocompatibility complex genes . Immunol. Res. 6 :1 .
16 . Kavathas, P., R . DeMars, F. H . Bach, and S . Shaw. 1981 . SB : a new HLA-linked human

histocompatibility gene defined using HLA-mutant cell lines . Nature (Land.) . 293:747 .
17 . Morton, C . C ., I . R . Kirsch, N . E . Nance, G . A . Evans, A . S . Korman, and J . L .

Strominger. 1984 . Orientation of loci within the human major histocompatibility com-
plex by chromosomal in situ hybridization . Proc. Natl. Acad. Sci . USA. 81:2816 .

18 . Klein, J . 1982 . Evolution and function of the major histocompatibility complex . In
Histocompatibility Antigens Structure and Function . P. Parham andJ . Strominger, editors .
Chapman & Hall, London . 223-239 .

19. Weiss, E. H., L . Golden, K. Fahrner, A . L . Mellor,J . J . Devlin, H . Bullman, H. Tiddens,
H . Bud, and R. A . Flavell . 1984 . Organization and evolution of the class I gene family
in the major histocompatibility complex of the C57BL/10 mouse. Nature (Loud.) . 310:650 .

20 . Stephan, D., H . Sun, K . F. Lindahl, E . Meyer, G . Hammerling, L . Hood, and M. Stein-
metz . 1986 . Organization and evolution of D region class I genes in the mouse major
histocompatibility complex . J. Exp. Med. 163 :1227 .



480

	

HLA CLASS I GENE ORDER

21 . Shimizu, Y., D . E . Geraghty, B . H . Koller, H . T. Orr, and R . DeMars. 1988 . Transfer
and expression of three cloned human non-HLA-A,B,C class I major histocompatibility
complex genes in mutant lymphoblastoid cells . Proc. Natl. Acad. Sci. USA . 85:227 .

22 . Orr, H . T, and R . DeMars . 1983a . Mapping of class I DNA sequences within the human
histocompatibility complex . Immunogenetics . 18:489 .

23 . Orr, H . T., and R. DeMars . 1983b . Class I-like HLA genes map telomeric to the HLA-
A2 locus in human cells . Nature (Loud.). 302 :534.

24 . Auffray, C., J . Kuo, R. DeMars, and J . L . Strominger. 1983 . A minimum offour human
class II-chain genes are encoded in the HLA region of chromosome 6 . Nature (Loud.) .
304:174 .

25 . Roux-Dosseto, M., C . Auffray, J . Lillie, J . Boss, D. Cohen, R. DeMars, C . Mawas, J .
Seidman, andJ . L . Strominger. 1984 . Geneti c mapping ofa human class II antigen B-chain
cDNA clone to the SB region of the HLA complex . Proc. Natl. Acad. Sci. USA . 80:6036 .


