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Summary

The y-aminobutyric acid (GABAA) receptors are a family of ligand-gated chloride channels constituting the
major inhibitory neurotransmitter receptors in the nervous system. In order to determine the genomic
organization of the GABAA receptor P3 subunit gene (GABRB3) and aS subunit gene (GABRAS) in chromosome
15q11-q13, we have constructed a high-resolution physical map using the combined techniques of field-inversion
gel electrophoresis and phage genomic library screening. This map, which covers nearly 1.0 Mb, shows that
GABRB3 and GABRA5 are separated by less than 100 kb and are arranged in a head-to-head configuration.
GABRB3 encompasses approximately 250 kb, while GABRA5 is contained within 70 kb. This difference in size
is due in large part to an intron of 150 kb within GABRB3. We have also identified seven putative CpG islands
within a 600-kb interval. Chromosomal rearrangement breakpoints-in one Angelman syndrome (AS) patient
with an unbalanced translocation and in another patient with a submicroscopic deletion-are located within
the large GABRB3 intron. These findings will facilitate chromosomal walking strategies for cloning the regions
disrupted by the DNA rearrangements in these AS patients and will be valuable for mapping new genes to the
AS chromosomal region.

Introduction

The y-aminobutyric acid (GABAA) receptor is the major
inhibitory neurotransmitter receptor in the mammalian
central nervous system. The binding of GABA to these
receptors causes an influx of chloride ions, which leads
to hyperpolarization (and thus inhibition) of postsyn-
aptic neurons (DeLorey and Olsen 1992). The GABAA
receptor, together with glycine and acetylcholine re-
ceptors, is a member of a gene superfamily of ligand-
gated hetero-oligomeric ion-channel receptors (Scho-
field et al. 1987; Betz 1990). The molecular cloning of
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GABAA receptor subunit cDNAs has resulted in the
identification of a large diversity of GABAA receptor
subunit genes (e.g., al-6, P1-4, y1-3, 8, and pl-2).
These sequences are homologous, with about 60%-
80% amino acid sequence identity between members of
a subunit family and 20%-40% between the subunit
classes (for review, see DeLorey and Olsen 1992). Addi-
tional diversity may arise from alternative RNA splicing
(Whiting et al. 1990; Kofuji et al. 1991). A number of
these subunit genes have been mapped and were found
to cluster on different chromosomes (Buckle et al.
1989; Cutting et al. 1992; Wilcox et al. 1992).
The GABAA receptor ,13 subunit gene (GABRB3) has

been localized to chromosome 15q11-q13 (Wagstaff et
al. 1991b), a region which is frequently deleted in two
distinct genetic disorders, Angelman syndrome (AS)
and Prader-Willi syndrome (PWS) (Ledbetter et al.
1981; Kaplan et al. 1987; Pembrey et al. 1989; Williams
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Physical Map of GABRB3 and GABRAS Loci
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Figure I Restriction maps of human genomic subclones derived from GABRB3 and GABRAS loci. A representative set of overlapping
phages (indicated by thin lines) defining each region is given above the restriction map (indicated by thick lines). A, GABRB3 5'end; B, GABRB3
exon 4; C, GABRB3 exons 6, 7, 9, and 3UTR; and D, GABRAS 5'and 3UTR. The location of the DNA markers isolated from these genomic
subclones is indicated by brackets. B = BssHII; E = EagI; F = Sfil; H = HindIll; K = KpnI; L = Sail; M = MMuI; N = NotI; P = PmeI; R = NruI;
S = SacII; and X = XhoI. An asterisk (*) indicates a methylated site, and parentheses indicate an unknown methylation status in genomic DNA.
The positions of exons and UTR are illustrated by black boxes below each restriction map.

et al. 1989; Butler 1990; Knoll et al. 1990). In AS, dele-
tions occur on the maternally inherited chromosome
15 (Knoll et al. 1989; Magenis et al. 1990; Williams et
al. 1990; Clayton-Smith et al. 1992), whereas in PWS
the deletions are always of paternal origin (Butler and
Palmer 1983; Hamabe et al. 1991a; Robinson et al.
1991). The other observed abnormalities of 15q11-ql3
are uniparental maternal disomy in most nondeletion
cases of PWS (Nicholls et al. 1989a; Hamabe et al.
1991a; Robinson et al. 1991) and uniparental paternal
disomy in a few cases of AS (Malcom et al. 1991;
Smeets et al. 1992). These observations are consistent

with the occurrence of genomic imprinting whereby a
defect in a gene(s) expressed on the 15qll-q13 region
of maternal origin results in AS and abnormality of a

gene(s) expressed on the paternally derived l5ql1-q13
region causes PWS. GABRB3 is included in typical AS
and PWS deletions (Wagstaff et al. 1991b). In addition,
a deletion of the GABRB3 locus has been observed in
two unusual chromosomal rearrangements associated
with AS-a submicroscopic deletion involving D15S10
and GABRB3 (Hamabe et al. 1991b; Saitoh et al. 1992)
and an unbalanced translocation t(13;15) (Greenberg
and Ledbetter 1987; Wagstaff et al. 1991b). In the
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Table I

Pulsed-Field DNA Fragments Detected by Nine DNA Markers around GABRB3 and GABRAS Loci

FRAGMENT SIZE
(Kb)

PROBE BssHII EagI Sfi1 Sall M/uI NotI PmeI NruI SacII RsrII XhoI

JP5-E5 ........... nd nd nd nd nd LM 220 nd 220 nd nd

03-16H8 ........ nd 470 nd nd (430) nd 220 nd nd nd nd
290

850 nd (480) (320) (900) LM (480) nd 180 nd (130)

03-28H3 ........ (470) 150 (430) 220 160 (110)
(170) 50
(120)

850 470 nd (320) (430) LM (480) 220 180 LM (130)
P3-64B .......... . .290 l S 0 220 (S0) 160 (110)

12

850 110 150 (320) nd LM 150 (220) 150 nd 170
13-P2.4 60 180 (100) 120 (90)

(17) (70)

P3-Sma3 ......... 90 (150) 150 180 nd nd (350) 120 170 175 170
90 60 150 50 120 140

30 (150) (150) 180 nd LM nd nd 210 180 120
a5SS-0.7 110 90 170 145 (40)

30 45

(110) 210 (10) 180 nd LM 210 (220) 210 180 120
aS3-B ........... 80 (110) 150 (130) 170 145 (80)

90 90 90

(110) 210 (2) 160 nd nd 210 nd 210 180 9
MN47 .......... 80 (110) 50 170 145

90

NOTE.-Bold, italic, underlined, and double-underlined numbers indicate physical linkage. nd = not determined; and LM = limiting mobil-
ity of fragments. Numbers in parentheses indicate weakly hybridizing bands.

former case, maternal transmission of the deletion re-
sulted in AS, whereas paternal transmission did not re-
sult in an abnormal phenotype (Hamabe et al. 1991b;
Saitoh et al. 1992). This result strengthened the pre-
vious hypothesis that the AS and PWS loci are distinct
(Wagstaff et al. 1991b) and suggested that the minimal
AS critical region was contained within the submicro-
scopic deletion encompassing D1SS10 and GABRB3.
The evidence for distinct AS and PWS loci is accumu-
lating (Kuwano et al. 1992; Ozqelik et al. 1992; Wag-
staff et al. 1992; Knoll et al. 1993), and a gene
encoding a small ribonucleoprotein-associated polypep-
tide (i.e., Snrpn), which is expressed only from the pa-
ternal chromosome in mouse (Leff et al. 1992), maps to
the PWS chromosomal region in human (Ozqelik et al.
1992). The murine GABAA receptor ,3 subunit gene
(gabrb3) is expressed in mice with paternal duplica-

tion/maternal nullisomy of the region containing this
gene, indicating that gabrb3 may not be imprinted in
mice. However, mice with paternal disomy of the re-
gion homologous to the human AS critical region,
which includes gabrb3, do not appear to have a pheno-
type that resembles any manifestations of AS (Cattan-
ach et al. 1992). This indicates that the AS gene may not
be imprinted in mice and that the potential role for a
defect of GABRB3 and/or surrounding genes in AS has
not been excluded. The GABAA receptor aS subunit
gene (GABRA5) is also localized within l5qll-q13 and
is distal to GABRB3 (Knoll et al. 1993).

In order to elucidate the genomic organization of
GABRB3 and GABRA5 loci and their relation to the AS
chromosomal region, the construction of a detailed
physical map was initiated. In this study, we report the
isolation of genomic phage clones containing various

1218



A JP5-E5
1 2 3 4 5

B -3--28H3
1 2 3 4 5

kb

-2:0

kb

220

J3-64B
C

1 2 3 4 5

j03-P2-4
D

1 2 3 4 5

kb

-220
-160

E 13-SMA3
1 2 3 4 5

OE53-B
F

1 2 3 4 5

kb

-150

MN47
G

1 2 3 4 5

kb

-210

Figure 2 FIGE analysis of PmeI-digested DNA. Probes JP5-E5 (A), 03-28H3 (B), 13-64B (C), 03-P2.4 (D), 03-Sma3 (E), a53-B (F), and
MN47 (G) were hybridized sequentially to a FIGE Southern blot containing PmeI DNA digests from two normal individuals (lanes 1 and 5) and
WJK105 (mother of WJK106, lane 2), and AS patients WJK106 (lane 3) and DS176 (lane 4). The sizes of the restriction fragments detected by the

probes are indicated in kilobases at the right and have been independently confirmed by separate Southern experiments done on normal

individuals (not shown).
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Figure 3 Long-range restriction map around GABRB3 and GABRA5 loci in a normal individual. The restriction map encompassing
GABRB3 and GABRA5 genes was constructed using DNA isolated from two lymphoblastoid cell lines digested with the indicated enzymes and
hybridized with the DNA markers shown above the map. Arrowheads indicate CpG islands revealed by the presence of a rare-cutting enzyme
site cluster. Vertical broken lines indicate the localization of AS breakpoints. Horizontal arrows define the size and orientation of GABRB3 and

GABRA5 transcriptional units. An asterisk (*) indicates a methylated site; parentheses indicate a tentative localization. B = BssHII; E = EagI; F
= SfiI; L = Sall; M = MIul; N = NotI; P = PmeI; R = NruI; S = SacIl; Rs = RsrII; and X = XhbI. B25E9 is a GABRB3 YAC clone (Kuwano et al.

1992). cen = centromere; and tel = telomere.

portions of the GABRB3 and GABRA5 genes, as well as

their use in long-range restriction mapping. The result-
ing 1.0-Mb physical map allowed further definition of
chromosomal rearrangements in both the AS patient
with the submicroscopic deletion and the AS patient
bearing the unbalanced translocation.

Material and Methods

Cell Lines
The lymphoblastoid cell line from the AS patient

DS176 who has inherited a submicroscopic deletion
involving D15S10 and GABRB3 (Hamabe et al. 1991b;
Saitoh et al. 1992) was generously provided by Profes-
sor Norio Niikawa of the Nagasaki University School
of Medicine. The deletion in this patient currently de-
fines the minimal AS critical region, since maternal
transmission of this deletion results in AS, whereas pa-

ternal transmission is associated with a normal pheno-
type (Saitoh et al. 1992). The second AS patient,
WJK106, is the result of malsegregation of a maternal
balanced 13;15 translocation (45, XY, -13, -15, +der-
[13]t[13;15] [pl3;ql3]mat). WJK106 has been previ-
ously described (patient 2 in Greenberg and Ledbetter

1987) and, in light of the association of maternal dele-
tion of 15ql1-ql3 with AS (Knoll et al. 1989), has been
reevaluated, with a diagnosis of AS confirmed. His
mother, WJK105, is a balanced translocation carrier
(46, XX, -13, -15, +der[13], +der[15], t[13;15]
[p13;q13]). The WJK105 and WJK106 cell lines were

established by Dr. Joan Knoll of the Genetics Division,
Children's Hospital, Boston.

Genomic DNA Isolation and Southern Blotting
High-molecular-weight genomic DNA was isolated

(Aldridge et al. 1984) from peripheral blood or lympho-
blastoid cell lines from WJK106, DS176 (patient I11-3 in
Saitoh et al. 1992), normal individual GM0131, and a

control deletion PWS patient (GM9133) for use in both
quantitative and qualitative analyses. DNA samples
were digested to completion with appropriate restric-
tion endonuclease (New England Biolabs and Boehr-
inger Mannheim), electrophoresed, transferred to ny-

lon membranes (Hybond N+; Amersham), hybridized,
washed, and autoradiographed as described elsewhere
(Nicholls et al. 1989b).

For dosage-blotting analysis, fluorometric DNA
quantification (Brunk et al. 1979) was done to assure a
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Figure 4 Quantitative hybridization analysis of the trar
tion and deletion AS patients with the DNA marker 03-Sma3.
were hybridized with 03-Sma3, derived from GABRB3 5'UT]
with the control probe H2-26 (D13S28), from chromosome 1
Sma3 and H2-26 recognize a 4.7- and 3.5-kb DNA fragment, r

tively, on HindIll-digested DNA. 03-Sma3 is only deleted
GM9133 cell line from a PWS patient with a large interstitial d4
of 15qll-q13 (lane 1) but not in the unbalanced translocation (
and deletion (lane 4) AS patients or the normal individual (1.
Lane 1, Interstitial deletion PWS patient (GM9133). Lane 2, N
individual (GM0131). Lane 3, Unbalanced translocation AS I
(WJK106). Lane 4, AS deletion patient (DS176).

quantitative DNA loading per lane. Deletions in
PWS DNA samples were visualized as 50% reducti
the intensity of the hybridization band detected b
DNA probe (Tantravahi et al. 1989). For referen
hybridization quantification, blots were also hybri(
with probes derived from chromosome 13 (see be

Genomic Library Construction and Screening

arms (Stratagene, La Jolla, CA). Packaging was carried
out using a bacteriophage lambda in vitro packaging

kb lysate (Gigapack II; Stratagene). Hybridization, purifica-
tion of positive phage, and preparation of phage DNA
were done according to standard procedures (Sam-

4-7 brook et al. 1989).

3.5 DNA Markers
Chromosome 15ql1-ql3-specific probes for quanti-

tative and qualitative Southern blot hybridizations were
MN47 (Buiting et al. 1990) and 03-28H3 and 03-16H8,
genomic clones near exons 4 and 6, respectively, of
GABRB3 (Wagstaff et al. 1991b). Chromosome 13-spe-
cific probes H2-26 (D13S28) and H2-42 (D13S25) (La-
lande et al. 1984) served as control probes for quantita-
tive hybridizations (Tantravahi et al. 1989).

In addition, single-copy genomic probes were de-
nsloca- rived from the phages isolated during the screening ex-

Filters periments described later in this paper: j3-Sma3, a 2.0-
R, and kb HindIII-Bg11I fragment, and 03-P2.4, a 2.4-kb PstI
13.,I3- fragment, were isolated from the GABRB3 subclones
respec- lambda P3-60 (fig. 1A). These fragments flank the
in the GABRB3-associated CpG island, characterized by aeletion GBB-soitdCGilncaatrzdb
'lane3) cluster of rare-cutter sites. ,3-64B is a 1.3-kb EcoRI
ane 2). fragment isolated from the GABRB3 genomic clone
4ormal lambda f3-63 (fig. 1B). JP5-E5 is a 2.1-kb EcoRI frag-
patient ment obtained from the phage 03X9-30 encompassing

AS/
on in
'y the
Lce in
dized
low).

Two large-insert phage libraries were used for
screening experiments. The first library was derived
from a partial MboI-digested human DNA cloned into
the lambda EMBL3 vector (described by Monaco et al.
[1986]). A second library was constructed from a dam
methylase-controlled partial MboI digestion (Hoheisel
et al. 1989) of flow-sorted inv dup (15) from the cell line
GM06246 (47, XX, +dic[15] [pter > ql3: :ql3 > pter]),
obtained from the NIGMS Human Genetic Cell Repos-
itory (Camden, NJ). The digestion products with an
average size larger than 15 kb were treated with calf
intestine alkaline phosphatase (Boehringer Mannheim)
and ligated to BamHI-digested vector lambda DASH II

A 1 2 3 4

kb
5.8

24

B i 2 3 4

kb
H2-42 5.8

B3-P2-4

2.1

I1H242

-64B

Figure 5 Dosage analysis with GABRB3 intron 3 DNA
markers. Nylon filters were hybridized with probes 03-P2.4 (A) and
P3-64B (B) and the chromosome 13 control probe H2-42 (D13S25).
H2-42, ,3-P2.4, and 03-64B recognize a 5.8-, 2.4-, and 2.1-kb DNA
fragments, respectively, on Pstl-digested DNA. Lane 1, Normal indi-
vidual (GM0131). Lane 2, AS deletion patient (DS176). Lane 3, Unbal-
anced translocation AS patient (WJK106). Lane 4, Interstitial dele-
tion PWS patient (GM9133).
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Table 2

Junction Fragments Detected by FIGE Analysis in AS Patients with Deletion
and Translocation Breakpoints

Normal Junction
Probe and Individual Enzyme Fragment Fragment

33-Sma3:
XhoI 170 190

WJK105/WJK106 ........ RsrII 175/145 200
Sfi1 (150)/60 180

DS176 ................... NruI 120/50 400/360
03-P2.4:

{NotI LM 50
Mlul LM 200

WJK105/WJK106 BssHII LM 100/170
NruI 120/70 80
RsrlI 175/145 200
EagI 100 50

DS176 ....................
Notl LM 300
DMluI LM 110

33-64B:
PmeI 220 160

DS176 ................... BglII 50 10
RsrII LM 190/210

03-28H3:
WJK105 .................. Sfi1 440 340

NOTE.-Restriction fragment sizes are given in kilobases. LM limiting mobility of fragments. Numbers
in parentheses indicate weakly hybridizing bands. WJK105 is the mother of the unbalanced translocation
AS patient WJK106; and DS176 is the submicroscopic deletion AS patient.

the exon 9 and the 3'-untranslated region (UTR) of
GABRB3 (fig. 1C). a53-B is a 1.1-kb HindIII-EcoRI
fragment derived from the phage a5-39, corresponding
to the 3'UTR of GABRA5 (fig. 1D). a55-0.7 is a 0.7-kb
BamHI-EcoRI fragment isolated from lambda a55-24
that contains the CpG island associated with the 5'UTR
of GABRA5, as illustrated by the cluster of rare-cutter
sites (fig. 1D).
Each DNA marker was (a) tested to ensure that it was

specific to chromosome 15 by Southern analyses using

somatic cell hybrids containing either one human chro-
mosome 15 (CHO hybrid l5A) or only the l5pter-q14
portion of chromosome 15 (CHO hybrid CP22) and (b)
assigned to 15q11-q13 by quantitative hybridization
analysis using AS and PWS deletion patients (data not

shown). DNA probes were purified by agarose gel elec-

trophoresis and radiolabeled by the random priming

method of Feinberg and Vogelstein (1983).

Field-Inversion Gel Electrophoresis (FIGE)
Lymphoblast cells from normal individuals and AS

patients were embedded in agarose (5 X 106 cells/ml)
by standard techniques (Gardiner et al. 1986). The aga-
rose plugs were incubated in 0.5 M EDTA, 1% sarcosyl
containing proteinase K (2 mg/ml) for 24 h at 50°C and
then treated with 0.04 mg phenylmethylsulfonyl fluo-
ride/ml for 1 h, and rinsed in 1 X TE. DNA in agarose

plugs was digested with different restriction enzymes,

following the manufacturer's instructions (Boehringer
Mannheim and New England Biolabs).
DNA samples were subjected to asymmetric FIGE as

described elsewhere (Higgins et al. 1989), with the fol-

Figure 6 FIGE detection of breakpoint junction fragments in two AS patients. Hybridization is of ,B3-P2.4 (A and B), P3-64B (C and E),
and 03-28H3 (D and E) probes to FIGE Southern blots containing genomic DNA from two normal individuals (lanes 1 and 5), WJK105 (mother
of WJK106, lane 2), WJK106 (lane 3), and DS176 (lane 4) AS patients. The DNA was digested with the indicated endonucleases. Arrowheads
indicate junction fragments, and the sizes (in kb) of restriction fragments detected by the probes are indicated to the right.
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lowing modifications to the pulse time and field inten-

sity: the forward electric field, E+, of +3 V/cm was

applied for a period, T+, varying from 50-100 s, fol-
lowed by a second field of inverse polarity, E-, of -1.5
V/cm for an interval, T-, varying from 20-40 s over a

duration of 48 h at 16°C. These pulse conditions were

optimal for resolving restriction fragments in the range

of 10-800 kb. A high-molecular-weight DNA ladder,
8-48 kb (BRL), and Saccharomyces cerevisiae strain
YP148 chromosomes in agarose plugs were used as mo-

lecular size markers. In YP148, chromosome XV is bro-
ken in two fragments of 92 and 1,025 kb, each contain-
ing sequences hybridizing to plasmid DNA and
therefore providing convenient reference points for
alignment of autoradiograms and molecular weight de-
termination (Forus and Myklebost 1992). The elec-
trophoresed DNA was stained in the gel for 60 min
with 1 ,ug ethidium bromide/ml and was visualized us-

ing an ultraviolet transilluminator (UVP).
Prior to the transfer to nylon membranes (Hybond

N+; Amersham), ethidium bromide-stained gels were

irradiated for 30 s on a UV light box (UVP transillumi-
nator). Blotting, hybridization, and posthybridization
washes were performed according to the manufac-
turer's recommendations. Membranes were exposed to
X-ray film (Kodak XAR) at -70°C with intensifying
screens (Dupont Cronex Lightning-Plus) for 1-9 d. In
order to detect physical linkage, the same membranes
were used repeatedly, and autoradiograms were super-

imposed for comparison of fragment sizes. For sequen-

tial hybridization with different probes, filters were

stripped in 0.05 X SSC/0.1% SDS at 80°C for 1 h.
Autoradiography was performed to be certain that no

radioactivity remained before hybridizing with the sec-

ond probe.

Results

Isolation and Characterization ofGABRB3 and GABRA5
Genomic Clones

In order to study the genomic organization of
GABRB3 and GABRAS loci, two human genomic li-
braries were screened with probes derived from both
loci (fig. 1). Six phage clones (P3-61, P3-63, p3-69, P3-
75, ,33-80, and aSS-24) were isolated from the flow
sorted inv dup (15) genomic library in vector lambda
DASH II, and five phage clones (P3-49, P3-60, p3-65,
,33X9-30, and aS-39) were obtained from the large-in-
sert genomic library cloned in EMBL3. These phages
were restriction mapped with a combination of KpnI,
HindIII, Sall, EcoRI, and/or BglII (only KpnI and

HindIII sites are shown in fig. 1). In addition, all phages
were digested with the rare-cutter enzymes used in the
long-range mapping analysis. Contigs, restriction maps,
and the locations of DNA markers generated during
the chromosome walk are shown in figure 1. The
phage-contig assembly of 45 kb, encompassing the
5UTR of GABRB3, was initiated with the probe P3-
P2.4 isolated from the subclone pHb3#7 derived from
the 5' end of the gene (Kirkness and Fraser 1993) (fig.
1A). A second contig of 43 kb was built 5' from exon 4
of GABRB3 (fig. 1B) and contains the DNA marker,
03-28H3, described elsewhere (Wagstaff et al. 1991b).
These two contigs do not overlap and are separated by
a gap of approximately 75 kb, as suggested by FIGE
analysis. Exons 6 and 7 of GABRB3 are defined by a
32-kb contig (fig. 1C) that includes the phage P3-16,
described by Wagstaff et al. (1991b). The genomic
clone j3X9-30 was obtained by screening the EMBL3
library with a DNA probe derived from the GABRB3
cDNA (Wagstaff et al. 1991a) and contains exon 9 and
the 3'UTR (fig. 1C). The GABRA5 genomic clones aS-
39 and aSS-24 (fig. 1D) were isolated by using a PCR
product, derived from the 3'UTR, and a 450-bp XhoII
fragment, encompassing the 5'UTR and exon 1, derived
from the GABRA5 cDNA, respectively (Knoll et al.
1993).

Long-Range Restriction Mapping around GABRB3 and
GABRA5 Loci
To map more precisely the GABRB3 and GABRA5

loci, we performed Southern hybridization to high-mo-
lecular-weight DNA fractionated by FIGE. The sizes of
the genomic fragments identified by nine DNA
markers, after digestion with rare-cutting enzymes,
were analyzed by FIGE, and these results are summa-
rized in table 1. Only the restriction sites that have been
observed are indicated in table 1; there may be addi-
tional sites for some of the enzymes that have been
undetected (e.g., due to methylation) using the long-
range mapping strategy.

Figure 2 presents representative results of Southern
hybridization obtained by the sequential hybridization
of PmeI-digested DNA samples with the indicated
probes such that the resulting autoradiograms could be
overlaid for direct comparison of the restriction frag-
ment detected, allowing physical linkage. The endonu-
clease Pmel recognizes an 8-bp AT-rich site insensitive
to methylation. Probes JP5-E5, P3-28H3, and ,B3-64B
share a common 220-kb PmeI fragment (fig. 2A, B, and
C). One PmeI restriction site was found within intron 3
at 28 kb from the GABRB3 CpG island in phage lambda
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P3-75 (fig. 1A), and another was found near exon 9 in
the GABRB3 yeast artificial chromosome (YAC) clone
B25E9 (fig. 3), suggesting that the maximal distance be-
tween exon 3 and the 3UTR of GABRB3 gene is less
than 220 kb. P3-P2.4 and P3-Sma3 recognize the same
150-kb PmeI fragment (fig. 2D and E). A 210-kb PmeI
fragment is detected with markers aS3-B and MN47
(fig. 2F and G).
The data in table 1 were used to construct a physical

map spanning 1 Mb around GABRB3 and GABRA5
loci (fig. 3). This map shows the positions for each of
the nine probes linked together by FIGE analysis. The
centromere/telomere orientation of this linkage group
was determined previously by fluorescence in situ hy-
bridization analysis using deletion/translocation pa-
tients (Knoll et al. 1993). The physical relation of the
two GABAA receptor genes was investigated by hybrid-
izing genomic probes specific to GABRB3 and GA-
BRAS 5' and 3' ends to the same filters. These two genes
lie in a head-to-head configuration, separated by less
than 100 kb. The size of the GABRA5 gene is around
75 kb, and the GABRB3 is about 250 kb mainly be-
cause of the large 150-kb intron 3.
We relied on a combination of long-range restriction

mapping in genomic DNA and phage restriction map-
ping to identify CpG islands. A cluster of recognition
sites for rare-cutter enzymes is suggestive of a CpG is-
land associated with coding sequences (Bird 1987;
Lindsay and Bird 1987). We identified seven CpG is-
lands within a 600-kb region, as shown in figure 3. Be-
sides the CpG islands associated with GABRB3, GA-
BRA5, and MN47 loci, two new islands mapped within
the GABRB3 gene, and another was localized proximal
to this gene. A second island 3' of the GABRA5 tran-
scriptional unit was identified. Such genes with addi-
tional CpG island 3' of the transcription start have been
described elsewhere (Larsen et al. 1992), but at this
point we cannot exclude the possibility that this island
covers the start of an unidentified transcript. The geno-
mic and phage restriction maps are concordant. When
an unmethylated rare-cutter site was identified in geno-
mic DNA by long-range restriction mapping, the same
site was found to be present within the corresponding
phage clone (figs. 1 and 3).

Restriction mapping of the GABRB3 YAC clone
B25E9 (Kuwano et al. 1992) was performed with rare
cutters and was probed sequentially with DNA markers
03-16H8, JP5-E5, and j33-28H3 after FIGE (data not
shown). This allowed the construction of a long-range
restriction map of the YAC in which exon 4 is not
present, as indicated by the absence of hybridization

with the probe P3-28H3 (data not shown). Using the
internal Sall and PmeI sites as anchors, we have local-
ized the GABRB3 YAC on the physical map (fig. 3).

Assignment of the Translocation and Deletion
Breakpoints within the GABRB3 Locus by Quantitative
Hybridization Analysis
The DNA marker P3-Sma3, derived from the

GABRB3 5'UTR, was hybridized to HindIII DNA di-
gests from normal control, deletion individual, and
both AS patients (fig. 4). By quantitative hybridization,
only the sample from a PWS patient with a large inter-
stitial deletion of l5qll-q13 is hemizygous for a dele-
tion of 03-Sma3 (fig. 4, compare lane 1 to lanes 2-4).
This result indicates that the GABRB3 5'UTR is intact
in both AS patients but is hemizygously deleted in the
control deletion patient. Previously, we have shown
that the 3' and 5' ends of the GABRA5 gene were intact
in the AS translocation (WJK106), as well as in the dele-
tion (DS176) patients (Knoll et al. 1993), suggesting that
GABRA5 was distal to the AS chromosomal region.
Moreover, it has been shown that 03-28H3 is deleted in
these two AS patients (Wagstaff et al. 1991b; Saitoh et
al. 1992). When taken together, these results indicate
that both breakpoints involve the region contained be-
tween DNA markers P3-Sma3 and 03-28H3 on the de-
leted side.

Further dosage analyses were performed on PstI-di-
gested DNA with intron 3 probes P3-P2.4 and P3-64B
(fig. 5). P3-P2.4 hybridizes with two copies per genome
intensity in both AS patients (fig. SA), while ,3-64B is
intact in DS176 (fig. SB, lane 2) but deleted in the pa-
tient WJK106 (fig. SB, lane 3). These data indicate that
the two breakpoints are located at different positions
within intron 3. The DS176 breakpoint is located
within the region delimited by markers 03-64B and 03-
28H3, and the WJK106 breakpoint is located closer to
exon 3, between ,3-P2.4 and P3-64B.
Localization of Rearrangement Breakpoints by FIGE
Analysis
The localization of both AS breakpoints within the

GABRB3 gene (figs. 4 and 5), with P3-28H3 on the
deleted side, strongly suggests that rearranged DNA
fragments (junction fragments) should be found by us-
ing probes within the large intron 3. Table 2 summa-
rizes the sizes of the aberrant restriction fragments
identified by DNA markers 03-Sma3, 03-P2.4, 03-64B,
and 03-28H3, after FIGE analysis. Figure 6 shows repre-
sentative results of Southern hybridization of the dele-
tion (DS176) and the unbalanced translocation
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(WJK106) AS patients with probes 03-28H3, P3-P2.4,
and 03-64B, after FIGE analysis. 03-P2.4 detects two
aberrant BssHII fragments of 170 and 100 kb, as well as
a 50-kb NotI fragment unique to WJK105 and WJK106
(fig. 6A and B), whereas 03-28H3 reveals a 340-kb SfiI
junction fragment only in WJK105, that is generated
from the der(15) absent in WJK106 (fig. 6D). 03-64B
identifies additional fragments in EagI, PmeI, and BglII
digests of DNA from the patient DS176 (fig. 6C and E).
As shown in figure 6E, probes f3-28H3 and ,3-64B
share a small 50-kb BglII fragment disrupted by the
deletion in DS176, indicating that the breakpoint must
lie between these two markers, with 03-28H3 on the
deleted side. This result confirms the quantitative hy-
bridization analysis (figs. 4 and 5). These data allowed
the localization of the WJK106 breakpoint at a maxi-
mal distance of 50 kb from exon 3 of GABRB3 gene
and the DS176 breakpoint at -10 kb distal to the
marker 33-64B (fig. 3).

Discussion

In order to delineate the physical relationship be-
tween the GABRB3 and GABRA5 loci, a long-range
restriction-mapping strategy using FIGE allowed the
construction of a physical map covering approximately
1.0 Mb around these two genes (fig. 3). DNA markers
corresponding to the 3' and 5' ends of GABRB3 and
GABRA5 genes were used to establish the orientation
of both transcriptional units as centromere/3'GABRB3
5'/5'GABRA5 3'/telomere. These two GABAA recep-
tor subunits separated by less than 100 kb form a tight
cluster, with GABRA5 spanning -75 kb and GABRB3
-250 kb. The large size of the P3 subunit is mainly due
to its 150-kb intron 3, which makes GABRB3 the larg-
est member of the GABAA receptor gene family yet
described. By comparison, the sizes for the mouse 6
subunit gene and the chicken IP4 subunit gene were
reported as approximately 13 kb and 65 kb, respec-
tively (Sommer et al. 1990; Lasham et al. 1991).

Other GABAA receptor genes also appear to be orga-
nized in clusters (Wilcox et al. 1992), with the a2 and
P1 subunits localized to chromosome 4pl-pl3 (Buckle
et al. 1989), the al and y2 subunits localized to chro-
mosome 5q34-q35 (Buckle et al. 1989; Wilcox et al.
1992), and the pl and p2 subunits localized to chromo-
some 6ql4-q21 (Cutting et al. 1992). The significance
of the apparent clustering of these GABAA receptor
subunit genes is not known. Other members of the li-
gand-gated ion-channel receptor superfamily are found
clustered in the genome. The genes coding for the 6 and

'y subunits of the chicken nicotinic acetylcholine recep-
tor (nAChR) are separated by only 740 bp (Nef et al.
1984). In addition, the a3, aS, and f4 genes of the rat
nAChR have been shown to be tightly clustered, with
nAChR P4 and a3 genes being transcribed in the same
direction, while aS transcripts have opposing polarity
(Boulter et al. 1990). In such cases it is suggested that a
gene duplication event has led to the differentiation of
one subunit type into two. The GABAA receptor-en-
coded proteins are members of a multigene family that
appears to be conserved through evolution. The similar-
ities in both sequence and genomic organization are
strong indications that members of the GABAA recep-
tor subunits gene family evolved through tandem dupli-
cation of a common ancestor. Members of such a gene
family may remain tightly clustered or, by a process of
translocation, be dispersed to distant loci.
The physical relation between such duplicated se-

quences seems to be variable. The head-to-head config-
uration of GABRB3 and GABRA5 was also reported in
collagen and histone genes (Hentschell and Birnstiel
1981; Poschl et al. 1988). Whether genomic organiza-
tion is related to the possibility that their expression
might be coordinately regulated, as suggested for GA-
BRA1 and GABRG2, is not known (Wilcox et al. 1992).
The long-range restriction map was used to deter-

mine the presence of potential additional genes in the
region. This is possible because restriction sites for the
rare-cutter enzymes used in pulsed-field mapping often
cluster in unmethylated CpG dinucleotides, known as
"CpG islands," which are usually associated with the 5'
region of expressed DNA sequences (Bird 1987; Lind-
say and Bird 1987; Larsen et al. 1992). It has been pre-
dicted that 89% of unmethylated NotI sites and 74% of
the EagI, BssHII, and SacII sites present in mammalian
DNA are located within such CpG islands (Lindsay and
Bird 1987). Thus, we can estimate the number of genes
mapping to a region on the basis of the number of CpG
islands identified within that interval. In our study, re-
striction analysis of genomic DNA after FIGE allowed
the identification of seven clusters of rare-cutter sites
within 600 kb. Four of these islands are associated with
known sequences: both GABAA receptor genes have
CpG islands associated with their 5' ends, whereas an
additional island is found 3' of GABRA5. Another CpG
island is coincident with the locus MN47 known to be
evolutionarily conserved and potentially expressed
(Buiting et al. 1990). One CpG island was found proxi-
mal to the GABRB3 locus, and the other two islands
map within the GABRB3 gene. There is no established
case in which an island is not associated with a gene
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(Larsen et al. 1992), suggesting that the CpG islands
observed 3' to the GABRB3 transcription start site are
associated with the start of unidentified transcripts.
There are some examples of such nested genes found in
mammalian introns (Williams and Fried 1986; Adelman
et al. 1987; Miyajima et al. 1989; Levinson et al. 1992).
We are currently searching for expressed sequences as-
sociated with these putative CpG islands.
The large size of the deletions in AS and PWS pa-

tients makes refinement of the critical region for these
disorders difficult. The construction of a long-range
map around the GABRB3 and GABRA5 loci allowed
the analysis of chromosomal rearrangements in two AS
patients. Both breakpoints were mapped at different
locations within the large intron 3 of the GABRB3. The
breakpoint in the unbalanced translocation patient
WJK106 lies at less than 50 kb from exon 3, whereas
the deletion breakpoint in patient DS176 is located
within 20 kb from exon 4. This deletion presents in
three AS sibs and currently defines the minimal AS criti-
cal region, since maternal transmission of this deletion
results in AS, whereas paternal transmission is asso-
ciated with a normal phenotype (Hamabe et al. 1991b;
Saitoh et al. 1992). These results suggest that the AS
critical region excludes the chromosomal region distal
to GABRB3, although there is a possibility that the
DNA rearrangements result in abnormal regulation of
genes distal to the breakpoints. In this regard, a deletion
upstream of the human P-globin locus has been shown
to inactivate the genes of the globin cluster and result in
thalassemia (Forrester et al. 1990). The same phenome-
non could be involved in an AS patient with a translo-
cation breakpoint located between the GABRB3 locus
and DiSS10 (Reis et al. 1993), affecting the expression
of the more distal genes. The physical map of this gene
cluster provides a starting point for cloning the
rearranged DNA of such AS patients.

In summary, we have used the combined techniques
of FIGE and lambda-phage genomic library screening
to construct a physical map around the GABRB3 and
GABRA5 gene cluster. This map covers 1.0 Mb and
should be valuable for further mapping of genes local-
ized to this chromosomal region. The long-range restric-
tion analysis has allowed the localization of break-
points, in two AS patients, within GABRB3 and a
further refinement of the AS critical region.
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