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Megabase-Scale Mapping of the HLA Gene Complex crated by the majority of restriction e ~ m a  

by Pulsed Field Gel Electrophoresis 
are one to two orders of magnitude smaller 
than the size range necessary for effective 

In the study of the genetic structure of mammalian chromosomes, there exists a 
"resolution gap" between molecular cloning experiments and meiotic linkage analyses. 
This gap has discouraged attempts to construct full-scale genetic maps of mammalian 
chromosomes. The organization of the human major histocompatibility complex was 
examined within this range by pulsed field gel electrophoresis. The data obtained 
indicate that the complex spans over 3000 kilobases and enable the construction of a 
megabase-scale molecular map. These results indicate that the techniques employed in 
DNA extraction, enzymatic digestion, electrophoresis, and hybridization are suitable 
for the efficient analysis of megabase regions of mammalian chromosomes and 
effectively bridge the resolution gap between molecular cloning and classical genetics. 

T HE MAJOR HISTOCOMPATIBILITY 
complex (MHC) is an extended mul- 
tigene family composed of several 

dasses of genes, many of which play central 
roles in thi  function &the imrnine svstem. 
The multiplicity of phenotypes co&olled 
by the MHC has made the solution of its 
genetic structure a major goal of irnmuno- 
geneticists. Considerable progress has been 
made in studies of both the human (HLA) 
and the murine (H-2) MHCs. Meiotic link- 
age analyses have defined three major re- 
gions and several subregions of the MHC 
(I). Molecular cloning and chromosome 
walking experiments have resolved the struc- 
ture of individual genes and, in some cases, 
the organization of subregions (2, 3). Nev- 
ertheless, the limits of resolution of each 
technique have precluded the synthesis of a 
full-scale structural map of the HLA com- 
plex. 

Recently, several methods for the molecu- 
lar analysis of DNA sequences separated in 

Fig. 1. Pulsed field gel electrophoresis of human 
DNA. The samples were separated in a 55-cm 
double, inhomogenous PFG apparatus for 72 
hours at 500 volts with 2-minute pulses between 
90" field reorientations. The lanes from left to 
right are: yeast chromosomal DNAs (Succbaromy- 
us cmmkk, strain DBY728); concatemers of A 
vir (42.5-kb monomer); human (3.1.0) DNA 
digested with Not I, with Sal I, and with NN I; A 
vir concatemers; human (GM3104A) DNA di- 
gested with Not I, with Sal I, and with NN I; A 
vir concatemers; and yeast chromosomal DNAs. 
Further details of the DNA preparations, diges- 
tion, and electrophoresis are as described (4). 

the genome by distances of up to 1000 kb 
have been developed (4, 5). Pulsed field gel 
electrophoresis (PFG) has been used to sep- 
arate and analyze DNA fragments as large as 
yeast chromoso~es (6) and to generate a 
full-scale molecular map of the Eschcrithia 
coli genome (7). This report describes the 
extension of these methodologies to the 
human genome in an analysis of the organi- 
zation of the human MHC. 

The fragments of mammalian DNA gen- 

mapping of large chromosomal regions such 
as HLA. The enzymes used in this study 
were initially selected as those which recog- 
nize eight-base pair cleavage sites and/or 
contain CpG in their recognition sequences. 
Because of the rarity of CpG in mammalian 
genomes, these enzymes were expected to 
generate fragments that are much larger 
than would be predicted statistically in ran- 
dom sequence DNA. Figure 1 shows PFG 
fractionation of human DNA digested with 
the restriction nucleases Not I, Sal I, and 
Nru I. Linear concatemers of A ~r DNA, co- 
electrophoresed with the digests of human 
DNA, enable precise determinations of the 
sizes of the human DNA fragments. In 
contrast to conventional gel electrophoresis, 
in which linear ladders of DNA become 
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B main (exon 4) as well as other sequences 
. - that are highly conserved in class I genes (2). 

Similarly, each of the class I1 subregions ' includes P-chain genes that contain regions 
of conserved sequence, particularly in the 
second external domain (exon 3) (3). We 
used complementary DNA (cDNA) clones 
of the class I HLA-B gene (8) and the class 
I1 HLA-DR and DQB genes (9) to investi- 
gate the extent of these HLA regions (Table 
1). To ensure that the bands detected with 
these probes arose from the hybridization 
of syntenic fragments, HLA-hemizygous 
(3.1.0) (10) and HLA-homozygous 

* d  (GM3104; NIGMS) DNAs were examined. 
-L 
a , To reduce the probability of missing inter- 

nal non-cross-hybridzing regions of the 
complex, the most infrequently cutting en- 
zymes, Not I and Mlu I, were employed. 

w 
'(+ The class I cross-hybridizing probe de- 
"Si tected three fragments in Not I and five 

fragments in Mlu I-digested, HLA-hemizy- 
gaus DNA (Table 2). The total sizes of 
these Not I and Mlu I fragments were 1820 
kb and 2040 kb, respectively. The two cross- 
hybridizing probes for class I1 each detected 
the same two Not I fragments, totaling 
1240 kb. The class I11 probe also reacted 
with the larger of these two Not I fiag- 

Fig. 2. Southern hybridization with PFG-separated DNA. The autoradiograms show the hybridization ments. Results obtained with the HLA class 
of the HLA-DR specific probe (A) and the HLA-B specific probe (B) with (lane 1) Mlu I, (lane 2) Sal 11 and 111 subregion probes indicate that 
I, (lane 3) Not I, and (lane 4) concatemers of A w (42.5-kb monomer). The A ladder was illuminated by these subregions span at least four distinct including a small quantity of 32P-labeled A DNA in the hybridization. Numbers indicate the sizes of the 
hybridizing bands in kilobascs. The values are accurate 2 20 kb. Blotting and hybridization procedures MIu I totaling 1°BO kb in length. 
followed the method of Southern (13). Further details are as described (4). The combined data obtained with the 

probes suggest that the HLA complex spans 
at least five distinct Not I fragments totaling 

exponentially compressed toward the origin, the human MHC, we hybridized Southern 3060 kb in length and at least nine distinct 
the A ladders are approximately linear. Con- blots of PFG-resolved h w a n  DNA with Mlu I fragments totaling 3120 kb in length. 
sequently, the precision of fragment size probes representing each of the three HLA To orient these restriction fragments with 
estimations is uniform throughout the re- regions. The genes of the class I region respect to one another, we took advantage 
solved range (<40 to 1100 kb in Fig. 1). cross-hybridize by virtue of sequences en- of available genetic data. By recombination, 

Individual restriction fragments were de- coding the p2 microglobulin binding do- the HLA genes reside in the order centro- 
tected by hybridization with 3ZP-labeled 
probes after Southern transfer to nitrocellu- 

Class II Class Ill Class l 
lose. Figure 2 shows the results of a typical Regions - - 
experiment. In this case, a filter containing subregions - DP DO DR C' B c A RS 

PFG-resolved digests was hybridized with a Genes - 
probe specific for the class I1 region HLA- ~ o s m ~ d s  - - - -- ... -- - - - -- - -..- - - - 
D& gene (Table I). The filter was subse- Probes 

quently rehybridid with a probe specific  NO^ I -01 320 3:0 920 1240 1090 
2330 540 2870'190.3060 

fortheclassIregionHLA-Bgene.Speci6c Scale(102kb) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

fragments were detected withollt significant - 1 170 100 340 I 11301 1050. I 440' 360. 
loss of signal intensity throughout the re- o 170 570 910 1080 1210 2260 2:OO 306;1\120 

60' 
solved size range. For example, the HLA-B scale (cM, - 0-1 ~ + - C O ~ ~ . Q ~ W . C O  (d--07-- 
probe shown in Fig. 2 detected a 130-kb 
~l~ I fragment, a 620-kb Sal I fragment, Fig. 3. Molecular and e-tic map of the HLA gene complex. The HLA genes are reprexnted by 

and a Not I mgment. Although boxes: class I1 a (close~class  I1 f3 (open), class 111 (striped), and class I (sappled). Regions of the 
complex isolated in overlapping cosmid clones are indicated by the solid lines beneath the genes. The 

migration of DNA in pulsed may be locations of the genonuc and complementary DNA fragments used as probes are indicated, respectively, 
influenced by factors other than molecular by the solid and broken h e s  beneath the cosmid clusters. The genes, cosmicis, and probes are not to 
weight, such as the amount of DNA in the scale. Numbers indicate the individual and cumulative sizes m kilobases of the restriction fragments. 

gel lane, we found these measurements to be Thex values are accurate k 20 kb. Recombination frequencies are as described ( I ) .  Divisions on the 
kilobase scale represent hundreds of kilobases. The positions of the starred class I fragments are r~r*ucible to within ' One step of uncertain. The exact alignment of the Not I and Mlu I maps is not known, although prehhary  double 

the A ladder (+20 kb). digest data are consistent with that shown. Assuming no additional internal fragments, the Mlu I 
To detect large restriction fragments of fragments harboring C and B align the maps to within less than 100 kb; cM, centihlorgans. 
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mere-DP-DR-C'-B-C-A-telomere (1 ) . 
Specific probes for each of these genes were 
prepared (Table 1) and used to probe PFG 
blots. The DP-specific probe hybridized ex- 
clusively with the 320-kb Not I fragment 
and the 170-kb Mlu I fragment previously 
detected with the cross-hybridizing class I1 
probes. Consequently, these fragments map 
as the most centromeric of the HLA com- 
plex. In contrast, the DR-specific probe 
hybridized exclusively with the 920-kb Not 
I fragment. Therefore, in accord with the 
genetic data, the 320- and 920-kb fragments 
are oriented as shown in Fig. 3. The probe 
specific for class I11 hybridized with the 
same 920-kb Not I fragment as was detected 
with the DR-specific probe, indicating that 
the class I11 region also resides within this 
DNA fragment. To orient the Not I bands 
representing class I, an HLA-B-specific 
probe was prepared. This probe reacted 
exclusively with the 1090-kb Not I fragment 
and the 130-kb Mlu I fragment detected 
previously with the cross-hybridizing probe, 
locating these fragments as the most centro- 
meric of the class I region. The most telo- 
meric of the mapped M H C  genes, HLA-A, 
was located within the 540-kb Not I frag- 
ment. Thus, as shown in Fig. 3, with the 
exception of the 190-kb Not fragment from 
class I, these data orient all of the HLA- 
related Not I restriction fragments. By anal- 
ogy with the murine MHC, the 190-kb 
fragment may contain QaiTla-like genes and 
reside telomeric to the classical class I genes. 
Indeed, our results indicate that at least one 
nonclassical class I gene, RS5 ( l l ) ,  is located 
in this fragment (Table 2). 

This analysis of the structure of the HLA 
complex relies on the detection of HLA 
genes by region-specific, cross-reactive 
probes. It is possible that weakly cross- 
hybridizing fragments, nonreactive frag- 
ments internal to the complex, or fragments 
out of range of PFG electrophoresis were 
missed in this analysis. However, the simi- 
larity of the values obtained with different 
enzymes as well as the confirmation of the 
cross-hybridizing patterns with the subre- 
gion-specific probes, suggest that the values 
provide an accurate estimation of the extent 
of the HLA complex. It is also uncertain 
whether the detected HLA restriction frag- 
ments are directly contiguous or whether 
additional smaller Not I fragments reside 
between them. In view of the clustering of 
CpG residues in the genome, it seems possi- 
ble that Not I and Mlu I sites might also be 
clustered. Polymorphisms might also be ex- 
pected to affect PFG hybridization patterns. 
Comparison of the 3.1.0 (HLA A-2, B-27, 
C-1, and D-1) and GM3104 (HLA-A-3, 
B-35, C-4, and D-1) cell lines, however, 
indicates a strong conservation of the re- 

striction fragments shown in Fig. 3. An pairs, a figure not incompatible with that 
exception is the 1090-kb Not I fragment, obtained from the linkage data, assuming 
which appears to be divided into three that 1 centMorgan is roughly equal to 1000 
smaller class I-hybridizing Not I fragments kb. Approximately two-thirds of this dis- 
in the GM3104 cell line. tance contains the more than 25 genes of the 

The minimum estimate for the size of the class I region of HLA. The remaining one- 
complex is in excess of three million base third contains the genes of the class 11 and 

Table 1. HLA probes and their hybridization patterns in conventional Southern blots. Further detail of 
each probe can be found in the references. Abbreviations: HS, high stringency wash [ 0 . 1 ~  SSC 
(standard saline citrate) at 65"CI; LS, low stringency wash (3x SSC at 50°C); UTS, untranslated 
sequence; cross-hyb, cross-hybridizing. 

Probe Description Hybridization in Eco Refer- 
RI blot ence 

Class I1 
4.1-kb Msp I genomic fragment: 

DP, exon 1 to DPD exon 1 
DP specific 

( P ~ M I )  
At HS, 10- and 7-kb 

fragments linked 
within DP subregion 

DQ cross-hyb 
(2918.8) 

DR specific 
( ~ ~ 3 4 R 1 3 )  

DR cross-hyb 
(2918.4) 

0.7-kb Eco RI cDNA fragment: 
exons 1-5 of DQp 

3.1-kb Eco RI genomic fragment: 
intron 2-3' UTS of HLA-DL 

1.1-kb Eco RI cDNA fragment: 
exons 1-5 of DR, 

Class 111 
1.6-kb Pst I cDNA fragment: 

not well characterized 
1-kb Pst I cDNA fragment: 

GI, chain exons 
Clms I 

3.4-kb Eco RI genomic fragment: 
intergenic DNA flanking HLA-B 

1.4-kb Pst I cDNA fragment: 
exon 2-3' UTS of HLA-B 

At LS, nine fragments 
between 3 and 12 kb 

At HS, a single 3.1-kb 
fragment 

At LS, nine fragments 
between 3 and 12 kb 

C2 specific 
(pC2-2a) 

C4 specific 
( P U A L ~ )  

At HS, a single 7-kb 
fragment 

At HS, a single 12-kb 
fragment 

B specific 
(RS30.4) 

B cross-hyb 
(pDP001) 

A specific 
(pHLA2a. 1) 

RS specific 
(RS5.10) 

At HS, a single 3.8-kb 
fragment 

At LS, ten fragments 
between 5 and 20 kb 

At HS, a single 
5.9-kb fragment 

At HS, a single 
4-kb fragment 

0.5-kb Pvu 11-Msp I1 fragment: 
3' UTS of HLA-A2 

0.7-kb Eco RI genomic fragment: 
intergenic DNA flanking RS5 

*Described in this study. 

Table 2. Results of PFG hybridization experiments with HLA hemizygous (3.1.0) DNA. Values are 
averages of at least two independent determinations and are accurate + 20 kb. Bands hybridizing with 
more than one probe are indicated by the roman numerals. These identities were determined by 
successive hybridizations of each filter with the relevant probes. Although the co-migration of 
nonidentical fragments remains a possibility, preliminary partial and double digest data are also 
consistent with the identities indicated. ND, not determined. 

Sub- Probe Hybridizing bands (kb) 

region specificity* Not I Mlu I Sal I 

Specific 
Cross-hyb 

Specific 
Specific 
Specific 
Specific 
Cross-hyb 

Specific 

*See Table 1 for further detail of probe specificities and stringency of washing conditions. tCross-h bridization 
also observed with higher molecular weight bands probably due to partial digestion. #Hybridization d o  observed 
with higher molecular wei ht DNA not resolved in this experiment. §An undetermined number of hybridizing 
bands between 0 and 350 f b .  
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I11 regions. The multiplicity of hybridizing 
fragments in the class I region suggests that 
the class I genes are dispersed throughout 
the 1800 to 2000 kb comprising the class I 
region. In contrast, since no class I1 beta 
genes were found in the 340-kb Mlu I 
fragment that hybridized with D L ,  the 
class I1 genes appear to be clustered in the 
centromeric half of the 920-kb Not I frag- 

11. R. Sr~vastava et al., in preparation. 18. M. C. Carroll, R. D. Campbell, D. R. Bently, R. R. 
12. D. A. Hardy, J. I. Bell, E. 0 .  Long, T. Lindsten, H.  Porter, Nature (London) 307, 237 (1984). 

0. McDevitt, Nature (London) 323, 453 (1986). 19. R. Srivastava et al., Trans. Am. Assoc. Pbsicians, in 
13. E. Southern, J. Mol. Rwl. 98, 503 (1975). press. 
14. S. K. Lawrance, H.  K. Das, J. Pan, S. M. Weissman, 20. The authors acknowledge the excellent technical 

Nucleic Actds Res. 13, 7515 (1985). assistance of P. Warburton, J. Econome, and S .  
15. H. K. Das, S. K. Lawrance, S. M. Weissman, Proc. Rucker and thank D. Uranowski for preparing the 

Nad. Acad. Sci. U.SA. 80, 3542 (1983). manuscript. Supported by rants from the National 
16. A. S. Whitehead, G. Goldber er, D E Woods, A. Cancer Institute (5-T35-2~~39782) and the He- 

F. Markham, H.  R. Colten, ihd., p.'5387. reditary Disease Foundation. 
17. B. H.  Keller and H. T. Orr, J. Immunol. 134,2727 

(1985). 14 October 1986; accepted 5 January 1987 

ment. These data are in accord with those 
recently determined by Hardy et al. (12) 
who have shown that the D O  and DX class 
I1 subregions also reside between DP and 
D R  and that D Z  is closely linked to DP. 
Thus, there may be as much as 300 kb 
between the class I1 and class I11 subregions " 
in which classical HLA genes are absent. In 
addition to the class I, 11, and I11 genes, 
other genes are interspersed in or located 
near the MHC (5). Since the PFG estima- 
tion of the extent of HLA exceeds the 
amount isolated in molecular clones bv a 
factor of at least 2, these data indicate ample 
room for these and other nonclassical HLA- 
linked genes or gene families. 

  his stud^ has examined the application 
of pulsed field gel electrophoresis and hy- 
bridization to the molecular organization of 
the HLA gene complex. The preparation of 
essentiallv intact human DNA suitable for 
restriction digestion, the identification of 
restriction enzymes that generate fragments 
suitable for megabase-scale restriction map- 
ping, and the development of electrophore- 
sis and hybridization procedures that detect 
fragments throughout a range of 10 to 1000 
kilobases demonstrate that the techniques 
employed are suitable for the efficient analy- 
sis of megabase regions of mammalian 
DNA. The potential now exists for the use 
of these techniques in conjunction with 
classical genetics, standard cloning tech- 
niques, and chromosome linking and chro- 
mosome jumping libraries (4, 5 ) ,  in the 
construction of an extensive molecular map 
of the human genome. 

Note added in pro@ Partial digestion data 
confirm the placement of the 190-kb Not I 
fragment adjacent to the 540-kb Not I 
fragment. 
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p Amyloid Gene Duplication in Alzheimer's Disease 
and Karyotypically Normal Down Syndrome 

With the recently cloned complementary DNA probe, hAm4 for the chromosome 21 
gene encoding brain amyloid polypeptide (P amyloid protein) of Alzheimer's disease, 
leukocyte DNA from three patients with sporadic Alzheimer's disease and two patients 
with karyotypically normal Down syndrome was found to contain three copies of this 
gene. Because a small region of chromosome 21 containing the ets-2 gene is duplicated 
in patients with Alzheimer's disease, as well as in karyotypically normal Down 
syndrome, duplication of a subsection of the critical segment of chromosome 21 that is 
duplicated in Down syndrome may be the genetic defect in Alzheimer's disease. 

A COMPLEMENTARY DNA (cDNA) 
probe AAm4 for the chromosome 
21 gene encoding the amyloid poly- 

peptide (P amyloid protein) of Alzheimer's 
disease (AD-AP gene) was recently cloned 
and sequenced (1). The polypeptide en- 
coded by this gene is found in the brains of 
patients with Alzheimer's disease, as well as 
in adult patients with Down syndrome (2). 
We present results of gene dosage measure- 
ments in leukocyte DNA, using this cDNA 
as a probe, that-show that the AD-AP gene 
is duplicated in patients with Alzheimer's 
disease and in patients with karyotypically 
normal Down syndrome (3, 4). 

DNA was obtained from leukocytes from 
seven healthy control subjects (four young 
adults and three aged adults), five patients 
with trisomy 21 Down syndrome, &o pa- 
tients with karyotypically normal Down 
syndrome (and their four normal parents), 
and three patients with sporadic Alzheimer's 
disease. The clinical diagnosis of Alzheimer's 
disease was based on criteria defined by the 
National Institute of Neurological and 
Communicative Disorders and Stroke 
(NINCDS) (5). Preliminary experiments es- 
tablished appropriate autoiadi&raphic ex- 
posure times for calibrating dose-response 
curves for the quantity of DNA as a finction 
of band intensky measured by transmission 
densitometry. The linear response range of 
the curves was used in all experiments. An 
8.6-kb band, which is recognized by the 

human AD-AP cDNA probe ( A  Am4) locat- 
ed on chromosome 21. and a 4.1-kb refer- 
ence band, which is recognized by the hu- 
man prou2 (I) collagen probe (COLlA2) 
located on chromosome 7 (6), are seen on 
Eco FU-digested DNA from the patients 
and control subjects (Fig. 1). Actual densi- 
tometric measurements were carried out by 
using autoradiographs. By assuming that 
the DNA from the control subjects had a 
gene dosage number of two for both the 
COLlA2 reference probe and the AD-AP 
gene, AD-AP gene ;losage numbers in the 
patients were deduced from the ratio of the 
intensities of the 8.6-kb band to the 4.1-kb 
reference band. Four additional chromo- 
some 21 probes were used or are referred to 
in this study: human superoxide dismutase-I 
(SODI), anonymous DNA sequence 
D21Sll  located proximal to SODI, human 
proto-oncogene ets-2, and the estrogen-in- 
ducible sequence expressed in breast-cancer 
BCEI located in 21q22.3 (7). 
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