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ABSTRACT

THE GENE ENCODING ALPHA-GALACTOSIDASE A AND 

GENE REARRANGEMENTS CAUSING FABRY DISEASE

by

Ruth Kornreich

Advisors: David F. Bishop, Ph.D. and Robert J. Desnick, Ph.D., M.D.

Human a-galactosidase A (EC 3.2.1.22) is a lysosomal hydrolase encoded by a 

single gene localized to the chromosomal region Xq21.22-q22. The deficient activity of 

this enzyme results in Fabry disease, an X-linked recessive disorder which leads to 

premature death in affected males. To study the structure of a-galactosidase A and the 

molecular nature o f mutations causing Fabry disease, the full-length cDNA was isolated, 

sequenced and used to obtain the human chromosomal gene. The 1393 base pair full- 

length cDNA had a 60 nucleotide 5' untranslated region and encoded a precursor peptide of 

429 amino acids including a signal peptide of 31 residues. The -1 2  kilobase chromosomal 

gene was sequenced in its entirety. The gene had seven exons whose sequences were 

identical to those in the full-length cDNA. All intron-exon splice junctions conformed to 

the GT/AG consensus sequence. The 5' flanking region of a-galactosidase A contained 

SP1 and TATA and CCAAT box prom oter elements. In addition, sequence motifs 

corresponding to the A PI, "OCTA" and "core" enhancer elements were identified. Four 

direct repeats o f the "chorion box" enhancer were preceded by an upstream "HTF" island. 

A unique feature o f the noncoding regions of the a-galactosidase A gene was the presence 

o f 12 Alu  sequences. These repetitive elements accounted for about 30% of the entire 

gene. The sequence information was used to characterize five naturally occurring a-



galactosidasc A partial gene deletions (0.4 to 4.6 kb) and one partial gene duplication (8.1 

kb) which cause Fabry disease. The breakpoints o f each were determined by either cloning 

and sequencing the mutant gene from an affected hemizygote or by DNA amplification 

using the polymerase chain reaction and sequencing the genomic region containing the 

junction. Although the a-galactosidase A gene contains numerous Alu elements, only a 3.2 

kilobase deletion was the result o f recombination between two Alu  repeats. The remaining 

five rearrangem ents occurred between short direct repeats o f 2-6 base pairs at the 

deletion/duplication termini o f which only one copy was retained in the novel junction. O f 

particular interest was the finding of the tetranucleotide CCAG and the trinucleotide CAG 

(or their respective complements CTGG and CTG) at the 5' breakpoints in three and four 

o f the five a-galactosidase A gene rearrangem ents involving short direct repeats, 

respectively , suggesting a possible functional role for these sequences in the 

recombinational event.
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INTRODUCTION

More than 2000 different human Mendelian disorders are known, however, almost 

all o f these mutations remained elusive to analysis until recombinant DNA technology 

permitted their characterization. During the past decade, the application of these techniques 

has led to an understanding o f normal gene structure and organization, as well as the 

delineation o f the nature o f the specific defects underlying various inherited disorders. 

Application o f this information has perm itted improved diagnosis and heterozygote 

detection. DNA probes for many important human genes are currently being used for these 

purposes in such diseases as hemophilia A (1) and B (2), phenylketonuria (3), a  (4) and p 

thalessem ias (5), sickle cell anemia (6), Duchenne muscular dystrophy (7) and cystic 

fibrosis (8).

A group of genetic diseases known as lysosomal storage disorders result from 

inborn errors of metabolism. Each o f the approximately 30 known inherited disorders 

result from the deficient activity o f one or more specific lysosomal enzymes. Most o f the 

defective enzym es are glycosidases and result in the accum ulation o f  complex 

carbohydrates and lipids in lysosomes. In many o f these disorders there is significant 

variability in the age at onset and severity of the disease manifestations (9). Although much 

progress has been made in the elucidation o f the biochemistry and enzymology of these 

disorders, effective treatments have not been developed. However, recent advances in 

recombinant DNA technology may lead to future therapeutic methodologies. For example, 

large amounts of enzyme may be produced in various expression systems for therapeutic 

evaluation. Enzyme replacement therapy for lysosomal storage diseases may be feasible 

because preliminary studies demonstrated that low levels o f the appropriate exogenous 

normal enzyme were able to correct the metabolic defect in cultured fibroblasts from 

patients with these disorders (10-12). Until recently, research was hindered due to the lack 

o f sufficient quantities o f lysosomal enzymes needed for these studies.



The overall objective o f the following investigations was the characterization of the 

gene encoding a-galactosidase A. This gene is o f interest because it encodes a human 

lysosomal hydrolase and is a representative o f this class of enzymes. In addition, 

mutations in this gene cause Fabry disease. Specifically, molecular lesions which cause 

Fabry disease due to gene rearrangements in the a-galactosidase A locus were studied.

Biochem istry o f  Lysosomal Hydrolases— Lysosomal enzymes, like secretory 

and m em brane proteins, are synthesized on polysom es bound to the endoplasm ic 

reticulum . These proteins share a common signal sequence (prepeptide) o f 15-30 

predominantly hydrophobic amino acids at the amino-terminus that directs the ribosomes 

involved in their synthesis to the endoplasmic reticulum and participates in the translocation 

of the protein across its membrane (13). A complex is formed with an 1 IS cytoplasmic 

ribonucleoprotein called the signal recognition particle (SRP) (14). This complex then 

binds to the SRP receptor, also known as the docking protein, and the nascent polypeptide 

passes through to the lumen of the rough endoplasmic reticulum by a poorly understood 

m echanism  (13). During their passage through the endoplasm ic reticulum , several 

modifications of the lysosomal enzymes occur including the cleavage o f the signal peptide 

and cotranslational glycosylation. Oligosaccharides are transferred as a group through 

dolichol carbohydrate intermediates to certain asparagine residues in the polypeptide chain 

(15). N-linked glycosylation occurs only with asparagine residues in the sequence 

asparagine-X-(threonine/serine). The oligosaccharides undergo sequential modifications 

including the removal o f the glucose residues yielding high-mannose type oligosaccharide 

moieties (15).

The newly synthesized proteins are then transported to the Golgi apparatus where 

the secretory, plasma membrane and lysosomal proteins are eventually targeted to their 

proper post-Golgi destinations. Additional carbohydrate alterations can occur to form the 

complex oligosaccharide chains on these enzymes. The majority of lysosomal enzymes are



selectively phosphorylated in the 6-hydroxy position o f one or more mannose residues of 

the N-linked oligosaccharide chains by a two step process. First, N-acetylglucosamine-1 - 

phosphate is transferred to the C-6 position of mannose residues (16); followed by the 

removal of N-acetylglucosamine by a-N-acetylglucosaminyl phosphodiesterase (17, 18). 

The resulting m annose-6-phosphate residues serve as signals for receptor-mediated 

targeting to the lysosome (19). This pathway, however, is not the only route for enzymes 

to reach the lysosome. This is evidenced by the fact that patients with 1 cell disease, who 

are deficient in phosphotransferase and are thus unable to synthesize the mannose-6- 

phosphate recognition signal, can still target residual amounts o f  enzyme to lysosomes 

(20). In addition to the above modifications, some lysosomal enzymes undergo additional 

proteolytic processing at either the amino and/or the carboxy term inus involving the 

removal of propeptide sequences (21). The precise cellular locations where the processing 

occurs is not yet known.

Fabry Disease: a-Galactosidase A D eficiency— Fabry disease is an X-linked 

recessive inborn error of catabolism  which results from the deficient activity o f the 

lysosomal hydrolase, a-galactosidase (a-Gal A, a-D -galactoside galactohydrolase, HC 

3.2.1.22) (22); an enzym e that hydrolyzes the term inal a-ga lac to sy l residue of 

globotriaosylceramide and other substrates with terminal a-galactosyl moieties. In affected 

males, accumulation o f neutral glycosphingolipids, predominantly globotriaosylceramide, 

occurs in most tissues and fluids o f the body with a predilection for lysosomes o f the 

vascular endothelium  (23). This produces the clinical m anifestations o f the disease 

including angiokeratoma, acroparesthesias, episodic crises of excruciating pain, corneal 

and lenticular opacities, hypohydrosis, and cardiac and renal dysfunction (24). Death 

usually occurs in the third to fifth decades o f life from renal, cardiac, and/or cerebral 

com plications o f vascular disease. H eterozygous fem ales are usually clinically 

asymptomatic or only mildly symptomatic and live a normal life span (24).
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The clinical diagnosis of affected males can be confirmed by the demonstration of 

deficient a-Gal A activity in various sources such as plasma, leukocytes, tears and cultured 

cells. Classically affected males have no detectable a-Gal A activity (25-27). Biochemical 

identification of female carriers o f Fabry disease is not always possible. Due to random X- 

chromosomal inactivation (28), heterozygotes can express levels o f enzymatic activity 

theoretically ranging from zero to normal values. The determination of carrier status has 

been demonstrated in normal and mutant cell populations with a-Gal A assays of single 

hair roots (29-31) or individual cloned fibroblasts (32). However, these studies are time- 

consuming as well as extremely difficult to perform and interpret (33). A more reliable 

method for heterozygote determination needs to be established. Molecular diagnosis using 

probes from the a-Gal A gene or closely linked regions will permit more accurate diagnosis 

(34).

Fabry disease and a-Gal A represent an excellent model system to investigate the 

effects o f various mutations which alter the expression o f a lysosomal hydrolase and to 

study the structure and organization o f a human lysosomal enzyme due to the following 

unique features: 1) The active enzyme is a homodimer (35), therefore, only a single gene 

needs to be isolated; 2) O f the glycolipid storage disorders, only Fabry disease is 

transmitted by an X-linked gene; when studying m utations o f Fabry hemizygotes, only 

one allele has to be isolated; 3) Cell lines from over 140 unrelated Fabry families are 

available (in our laboratories) permitting the characterization o f the variety o f molecular 

lesions which cause this lysosomal storage disorder. Furthermore, a detailed knowledge of 

the genomic structure o f the a-Gal A gene and the availability of cloned genomic sequences 

are critical for the characterization of the molecular defects underlying Fabry disease.

The availability o f the fine genomic structure o f a-G al A and other lysosomal 

hydrolases may provide insight into the structure-function relationships o f this class of 

enzymes. Common structural or functional dom ains may be revealed. To date, the 

isolation and characterization of only a limited number of lysosomal genes have been
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reported (36-39). In addition, the current application of molecular biological technology to 

the study o f lysosomal enzymes is expected to provide a more thorough understanding of 

the synthesis, maturation and transport processes of proteins synthesized in the rough 

endoplasmic reticulum. Such studies may provide fundamental knowledge of the normal 

physiology o f lysosomal enzymes and their genes analogous to the insights provided by the 

investigation o f type II familial hypercholesterolemia and the low density lipoprotein 

receptor (40).

To facilitate studies on the characterization o f the molecular pathology underlying 

Fabry disease, provide probes for heterozygote detection and express large amounts of 

enzyme, a cDNA clone encoding a-Gal A (designated XAG18) was isolated from a Xgtl 1 

human liver expression library (41). This clone was identified using monospecific 

polyclonal antibodies and synthetic oligonucleotide mixtures corresponding to the amino- 

terminus and internal tryptic and cyanogen bromide peptide sequences. The nucleotide 

sequence o f the 1234 bp XAG18 insert (Fig. 1) was determ ined by dideoxy chain 

term ination sequencing of generated M13 deletion subclones (42). The nucleotide 

sequence contained an open reading frame of 1226 nt encoding the entire 398 amino acids 

o f the mature form of a-Gal A and the last 5 amino acids of the prepeptide sequence (42). 

The authenticity of this clone was demonstrated by its colinearity with 86 non-overlapping 

microsequenced amino acids from the N-terminus and internal peptides, X-chromosomal 

dosage, gene mapping using mouse-human somatic cell hybrid panels and localization to 

the region Xq21.33-Xq22 by in situ hybridization (43) and RFLP linkage studies (44).

Po ly(A )+ RNA transfer hybridization experiments dem onstrated the message 

encoding the entire a-Gal A subunit was 1.45 kb (42). Immunologic studies of human a- 

Gal A biosynthesis have shown that a 50.5 kilodalton glycosylated precursor undergoes 

proteolytic processing to a mature 46 kilodalton form (45, 46). Native a-G al A has a 

m olecular mass o f 100 kilodaltons o f which 7-15 percent is due to carbohydrate and is 

composed o f two identical subunits (45-47). The remaining sequences in the a-Gal A
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141 A r f

1
Lye  

' *1
Leu c i r f  he Tyr C lu T ry Thr • e r A rf Lau A r f f a r •  la I la Aan

c m
f  ro Thr c i . Thr V al Lau Lav C ln Lau C lu Aan Thr Mat IfO

11 n  CAC ATC TCA TTA AAA GAC TTA CTT TBAA AAAMAMAAAA )?<>•
1 f t  C ln  « e r  Leu Lya A ey  Leu U u  t * i  ) « •

Figure 1. Nucleotide and predicted  amino acid sequences o f  the XAG18 insert 
encoding the human mature a-Gal A subunit. Amino acid 1 is assigned to the amino- 
terminal residue. Nucleotides -17 to -1 encode five amino acids of the prepeptide. Bold 
underlines indicate confirmed amino acid sequence obtained by microsequencing o f the N- 
term inus and tryptic (T) and cyanogen bromide (CB) peptides. Differences between 
microsequenced and predicted amino acids are shown; X denotes unidentified amino acids. 
Note that peptide T-53B corrects two errors in the sequence o f CB-1. CHO indicates 
potential sites of N-glycosylation and the 3' termination signals are overlined.
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mRNA m ust encode the prepeptide (signal peptide), 5' untranslated sequences and the 

poly(A) tail.

Two consensus sequences for cleavage at the polyadenylation site, ATTAAA and 

AATACA, were present 12 and 28 nt upstream from the stop codon, respectively in the 

cDNA (42). The former is present in approximately 12 percent o f vertebrate messages and 

the latter occurs only in 2 percent (48). An unusual feature of the a-Gal A mRNA was the 

absence of a 3' untranslated region between the termination codon and the poly(A) tail. 

This is unique among non-mitochondrial genes. The only other known mammalian 

example o f a nuclear encoded mRNA lacking a 3' untranslated region is that for murine 

thymidylate synthase (the human thymidylate synthase transcript did have a 3' untranslated 

region) (49).

Study o f  Gene Rearrangements— Southern hybridization analysis o f the a-Gal A 

gene in families with Fabry disease have been conducted to characterize the molecular 

lesions underlying the enzymatic defect. Several gene rearrangements have been detected 

in the a-Gal A gene including five partial deletions ranging in size from 0.4 to 4.8 kb and a 

partial gene duplication o f ~8 kb (50). These naturally occurring germ line mutations 

provide a unique system to study genetic recom bination o f higher eukaryotes. By 

characterizing the sequences found at the rearrangement termini, information about the 

events underlying the recombinational events can be obtained.

Studies that define the breakpoints o f  gene rearrangem ents have revealed the 

frequent presence o f repetitive sequences at rearrangement termini, especially in genes 

enriched with such sequences. Repetitive DNA comprises approximately 20 to 30 percent 

of human DNA (51). A portion of this DNA consists of long and short sequences that are 

interspersed among unique regions. The number of different fam ilies o f interspersed 

repeats is difficult to determine (52). Renaturation rate studies o f denatured human DNA 

indicate that the number o f dispersed sequence families may be few (52). The most
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abundant interspersed repetitive sequence family is the Alu family. This family comprises 

3-6 percent o f the human genome (52). Assum ing these sequences are randomly 

distributed, an Alu family member should be found every 4 kb (54). This spacing has been 

found to be variable. Eight Alu  family members have been found in the ~60 kb p-globin 

gene cluster, however, some are only 700-800 bp apart (55). Also, the 19 kb human 

insulin gene has only one Alu sequence while the 12 kb c-sis gene has three (55).

A lu  fam ily members share a related 300 nt DNA sequence com posed of an 

imperfect tandemly repeated 130 bp sequence flanked by short direct repeats 8-20 bp in 

length and adenine rich terminal and internal regions (56). The function of these 

interspersed repeats has been purely speculative. Some investigators believe they are 

important in the regulation o f gene activity, while others believe they perform neither a 

useful nor harmful function. Alu  DNA is partially homologous to 7SL RNA which is a 

component o f the signal recognition particle that mediates protein secretion across the 

endoplasm ic reticulum  (52). Both are transcribed by RNA polymerase III. For Alu  

sequences, the transcription initiation site is close to the first nucleotide. Initiation has been 

found to occur only within the first arm even though the two arms are similar in sequence 

(52). Although Alu  family members account for the majority o f interspersed repeats in 

humans, members o f related families o f long repeats, some over 6 kb in length, occur an 

estim ated 100,000 times within the human genome (57). Long interspersed repeat 

sequences, LINES, are a m ultigene family (known as the K p n \  family in primates) 

composed o f one or more functional genes and a large number o f psuedogenes (58). The 

number of functional genes and when and where they are expressed is still unknown.

Due to  their frequency and sequence hom ology, the interspersed repetitive 

sequences may serve as hot spots for illegitimate recombination by unequal crossing over 

events between repeats during meiosis. There may also be an inherent instability in DNA 

containing repetitive sequences that predisposes these regions to recombination. For 

example, Alu sequences occur at the breakpoints o f most of the characterized low density
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lipoprotein receptor gene rearrangements which cause familial hypercholesterolemia. This 

gene is unusually rich in these repeat elements containing ~1 Alu  per 1.8 kb (21 Alu  

monomers or dimers identified to date in 38 kb, H.H. Hobbs, pers. commun.). More 

specifically, six o f the eight rearrangements characterized at the DNA sequence level had 

both breakpoints in an Alu sequence and a seventh had one breakpoint in an Alu repeat (59- 

66). In four cases, the Alu  sequences are found in the same orientation (59, 61, 63, 64). 

It is probable that unequal crossing over events took place during meiosis after Alu  

sequences on different chromatids mispaired. In two other cases, the Alu  family members 

were oriented in opposite directions (60, 66). It is thought that recombination occurred 

between the two repetitive sequences on a single strand of DNA. A stem and loop structure 

that would bring the ends of the deletion into close proximity may be hypothesized. 

Following cleavage o f the loop, the observed deletions would be produced. There are also 

several examples o f rearrangements in different genes that appear to have arisen from 

unequal crossing over between similarly oriented Alu  repeat sequences (67-70). Yet 

another reported example of a deleterious event resulting from recombination between Alu 

sequences is a chromosome rearrangement producing an XX male (71). In this case 

described by Rouyer et al. (71), the XX male presumably arose from an abnormal cross­

over between regions on the X and Y chromosomes. The breakpoints were mapped within 

Alu  repeats and there was no sequence homology between the normal X and Y regions 

outside the Alu  elements. This suggests, along with the fact that the recombined Alu  

sequence can be aligned with normal counterparts, that the rearrangement is the product of 

recombination between the repetitive sequences.

In contrast, Alu  repetitive elements do not appear to play a significant role in the 

generation o f deletions in the human B-globin gene cluster which spans -6 0  kb of 

chromosome 11 and has only 8 Alu elements (55). Over 20 deletions in the B-globin gene 

cluster have been characterized at the DNA sequence level and no rearrangements were due 

to Alu-Alu  recombination and only three breakpoints occurred within an Alu sequence (for
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review, see 72). Since germinal rearrangements in only a few human genes have been 

intensively investigated, the correlation between the frequency o f Alu  sequences in a given 

gene and their occurrence at rearrangement termini cannot be precisely determined.

Another frequent finding at germinal gene rearrangement termini is the presence 

short direct repeats o f 2-8 nucleotides. The material between the repeat sequences is 

deleted (or duplicated) and the resulting chromosome contains a single copy o f the original 

repeat (73). Several models have been proposed to define the role o f short stretches of 

homology in the generation o f rearrangements including: 1) errors o f DNA replication by 

the "slipped mispairing" o f the direct repeats; 2) unequal crossing over between the short 

regions o f homology on different chromatids; 3) intrachromosomal excision o f the region 

between aligned direct repeats releasing a circular DNA fragment, and 4) improper 

rejoining o f DNA after double-stranded breakage events (for review, see 74). Replication 

errors due to slippage of the single-stranded DNA template appears to be the favored 

model. "Slipped m ispairing" of direct repeats during DNA replication was originally 

proposed by Streisinger et al. to explain the generation o f frameshift mutations (75). As 

the replicative enzyme complex moves through the region containing the direct repeats, the 

region will become single-stranded and one o f the repeats could base-pair with the 

complementary downstream repeat sequence. This event would produce a single-stranded 

loop containing one of the repeats and the intervening sequence between the repeats. This 

loop could then be removed by DNA repair enzymes or would be removed follow ing 

another round of replication. If the DNA "slips" after replicating the second repeat, a 

duplication would be produced after another round of D N A  replication. Analyses of gene 

rearrangements in various systems have suggested that the sequence context surrounding 

the direct repeats was important in their formation (i.e., 76, 77). For example, in the 

clustered deletions o f the E. coli lac I gene, a potential secondary structure intermediate 

was found between the short direct repeats at the breakpoints which would bring the 

termini into close proximity, thereby allowing their interaction (77). In addition, seven of
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the ten reported aprt somatic gene rearrangements in cultured hamster cells had short direct 

repeats at their breakpoints which clustered in a 40 bp region that contained inverted repeats 

capable of forming stable secondary structures (76). These structures may act as substrates 

for enzymes that resolve the structural intermediates. Therefore, as evidenced by studying 

rearrangement breakpoints in various genes, much can be learned about the nature of DNA 

which predisposes it to illegitimate recombination.
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Chapter One

Structural Organization o f  the Human a-G alactosidase A Gene
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ABSTRACT

For studies o f the structure and function o f a -ga lac to sidase  A and for 

characterization of the genetic lesions in families with Fabry disease, the full-length cDNA 

was isolated, sequenced and used to screen human genomic libraries. The 1393 bp full- 

length cDNA had a 60 nt 5' untranslated region and encoded a precursor peptide o f 429 

amino acids including a signal peptide of 31 residues. Three overlapping lambda clones 

spanning 32 kb were isolated which contained the entire -1 2  kb chromosomal gene as well 

as -9  and -11 kb o f 5' and 3' flanking sequence, respectively. The gene had seven exons. 

The genomic exonic and full-length cDNA sequences were identical. All intron-exon splice 

junctions conformed to the GT/AG consensus sequence. The 5' flanking region o f this 

lysosomal housekeeping gene contained SP1 and CCAAT box promoter elem ents as well 

as sequences corresponding to the A PI, "OCTA" and ''core" enhancer elements. There was 

an upstream "HTF” island followed by four direct repeats of the "chorion box" enhancer. 

The unique lack o f a 3’ untranslated sequence in the a-galactosidase A cDNA was 

confirmed by sequencing additional cDNA clones and the genomic 3' region.
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INTRODUCTION

This chapter describes the cloning and sequencing of a full-length human a-Gal A 

cDNA and its use for the isolation o f the entire chromosomal gene. In addition, the 

characterization o f  this lysosomal housekeeping gene's intron/exon organization, 5' 

regulatory elem ents and the 3' flanking sequence are discussed. This work was greatly 

facilitated by the availability of a cDNA clone (LAG 18) which encoded the entire mature 

lysosomal form o f human a-Gal A (1, 2). The LAG 18 cDNA was isolated from a X.gtl 1 

expression library using monospecific polyclonal antibodies and synthetic oligonucleotide 

probes (1). This cDNA, however, did not contain the entire 5' sequence and encoded only 

five residues of the a-Gal A signal peptide. It was notable that M G  18 and a subsequently 

cloned a-G al A cDNA (2) did not have 3' untranslated regions. In these cDNAs, the 

poly(A) tract immediately followed the termination codon. This unusual finding was 

confirmed by sequencing the chromosomal gene. Additionally, to fully understand the 

molecular nature o f  a-G al A genetic lesions causing Fabry disease, the structure o f the 

normal gene was elucidated.

EXPERIMENTAL PROCEDURES

Materials— Restriction endonucleases, the Klenow fragment of DNA polymerase 

I, M13 cloning vectors and universal sequencing primers were purchased from New Eng­

land Biolabs; T4 DNA ligase was from Intemation?’ Biotechnologies Inc.; p-cyanoethyl 

diisopropyl phosphoramidites and ancillary DNA synthesis reagents were obtained from 

Biosearch; agarose was from  FM C Corp.; nitrocellulose filters (type HATF) were 

purchased from Millipore and Zetabind nylon transfer membranes were from AM F Cuno; 

{a - and y - ^ p j  dNTPs (3000 Ci/mm ole) and [a -3 5 s ]  dATP (1000 Ci/mm ole) were 

obtained from Amersham. A human fibroblast cDNA library in the pcD vector (3) was
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kindly provided by Dr. H. Okayama, NIH. A human lung Xgtl 1 cDNA library (#HL1004, 

lot #2007) was obtained from Clontech Laboratories. The 49.XXXXY bacteriophage 

library (4), designated X4X, was kindly provided by Dr. W.I. Wood, Genentech, Inc. A

49.XXXXX lymphoblast cell line (GM 6061 A) was from the Human Genetic Mutant Cell 

Repository. The EMBL3 vector, in vitro packaging extracts and E. coli strain K802 were 

kindly provided by Dr. J. Gordon, Mount Sinai School o f Medicine.

Isolation o f  Full-Length a-Gal A cDNA Clones—  The unamplified pcD human 

fibroblast cDNA library was plated at a density o f 5 x 104 colonies per 137 mm HATF 

filters on x-broth agar plates (3). After growth for 10 h at 37 °C, replicas were regrown 

and transferred to chloramphenicol plates for an additional 12 h. Colony hybridization was 

carried out according to the m ethod of Hanahan and M eselson (5). For use as 

hybridization probe, the 1.2 kb EcoRI insert o f pAG18 (from XAG18; 2) was purified by 

electroelution from a 0.8% agarose gel and nick-translated to a specific activity o f 5 x 108 

cpm/pg. In addition, a Xgtl 1 human lung cDNA library was screened by plaque hybridiza­

tion (6) with the nick-translated pAG18 cDNA insert. The inserts from the positive clones 

were subcloned directly into M13 m p l8  and m p l9  (7). All DNA sequencing reactions 

were carried out by primer extension in both orientations (8) using either the M 13 universal 

primer or synthetic oligonucleotides (17-mers) constructed to a-Gal A gene sequences with 

a Biosearch 8700 DNA synthesizer.

Construction and Screening o f  X-Chromosom e-Enriched Genomic Libraries— 

Genomic DNA was isolated (9) from the 49.XXXXX human lymphoblast line, partially 

digested with Mbo I and fractionated in a 0.9% agarose gel. Purified target DNA (13-22 

kb) was ligated to the lambda replacement vector, EMBL3 (10), which had been digested to 

completion with BamWl and fco R I to prevent religation to the middle stuffer fragment. 

The ligated DNA was packaged with extracts prepared by the method o f Ish-Horowicz and
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Burke (11). Approximately 700,000 plaques from the unamplified 49.XXXXX library, 

designated X5X, and 2 x 106 recombinants from the X4X library (4) were screened (6) at a 

density o f 10,000 plaques per 150 mm plate. Filters were hybridized with the |3 2 p j.nick- 

translated insert from pAG18 as described (12).

Characterization o f  Genomic Clones— Phage DNA was isolated from purified 

positive plaques (13), digested with various restriction endonucleases, separated by 

agarose gel electrophoresis, and transferred to nylon membranes (14). Sacl- and Pvull- 

digested DNAs were hybridized with the [32p]nick-translated, a-Gal A M l3 deletion 

subclones (2) in order to identify and orient the location of exonic sequences. Finer 

mapping was accomplished with double digests o f the genomic inserts and isolated 5 a d  

restriction fragments. Selected genomic fragments containing exonic sequences and 5' and 

3' flanking genomic fragments were subcloned into M l3 vectors and sequenced by the 

dideoxynucleotide chain termination method in both orientations as described above. 

Additional restriction mapping was performed to position the intron/exon boundaries.

RESULTS AND DISCUSSION

Isolation o f  a Full-Length cDNA— pAG18 was used to screen the human 

fibroblast pcD cDNA library (15) and the human lung cDNA library. Following 

purification, hybridization with 5' and 3' XAG18 M13 subclones (2) and restriction 

analyses, only one o f the 15 positive clones, pcDAG126, was putatively full-length. The 

1437 nt PstVBamHl insert was subcloned into M l3 m pl8  and m pl9  and sequenced (Fig.

1). The pcDAG 126 insert was 136 nt longer than that of XAG18 and contained 60 nt of 5' 

untranslated sequence, the initiation codon and the entire open reading frame which 

encoded a 31 amino acid signal peptide and the 398 residues o f the mature enzyme. The 60 

nt 5' untranslated sequence was average in length for such sequences and contained one
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4 0  AOCTTAATCT TAAAAOCCCA QCTTACCCQC OCAAATTTAT CCTCTCCOG7 CATCCTGATA 1

1 AT6 CAB CTC A0C AAC CCA CAA C7A CAT CTC OOC TOC OCC CTT OCB CTT COC TTC CTC OCC CTC CTT TCC TOC GAC ATC CCT BOB OCT ACA *0
1 MM B ln  Law A r t  Trti 6 1 a  Law Law B l y  C ya A la  Law A la  Law A r t  FAa Law A la  Lav V a l t a r  T r y  A (^  1 1 a  f r o  C ly  A la  A r t  10

•  1 OCA CTO SAC AAT OOA TTC OCA AOB ACC CCT ACC ATC OOC TOO CTO CAC TOB CAC COC TTC ATC TOC AAC CTT 6AC TOC CAC BAA CAC CCA 100
>1 A la  Law A a t  A y* C ly  Lav A la  A r t  TAr f r o  TKr MM B l y  T ry  Lav l l a  T ry  B lw  A r t  ***• MM C y* Aan Law A ay C ya B ln  C lu  6 1 a  A re  40

I t l  OAT TCC TOC ATC ACT CAC AAC CTC TTC A TO 6AC ATC OCA OAC CTC ATO OTC TCA BAA OOC TOB AAC OAT OCA OOT TAT CAC TAT CTC TOC 7 ’ 0
41 A ay t a r  C ya  l l a  t a r  B l «  L y e  Law Aha MM O la  MM A la  B lw  Law MM V a l t a r  Q lu  O ly  T ry  Lya A ay A la  B l y  T yr C lu  T yr Law C ya 40

>7 1 ATT OAT OAC TOT TOB ATC OCT CCC CAA ABA OAT TCA OAA OOC AQA CTT CAC OCA OAC CCT CAS COC TTT CCT CAT OOB ATT COC CMS CTA 140
41 l l a  A ay A ay  C ya T ry  Mm  A la  f  r e  B ln  A r t  A ay t a r  B lw  B ly  A r t  Law O ln  A la  A ay  f  r e  B ln  A r t  > r e  t l a  B l y  l l a  A r t  C l*  Law 1J0

141 OCT AAT TAT O Tf CAC ACC AAA OOA CTO AAC CTA OOB ATT TAT OCA OAT CTT OOA AAT AAA ACC TOC OCA OOC TTC CCT OOB A17T TTT CCA 4S0
111 A la  Aan T y r  V a l l l a  t a r  L ye B l y  Law L ye Law B l y  l i e  T yr A la  A ay  V a l B ly  A an L y e  Thr C ya A la  B l y  f h a  f r o  C ly  t a r  f h *  C ly  110

C D ------------

4 > 1 TAC TAC OAC ATT OAT OCC CAC ACC TTT OCT OAC TOC OOA CTA OAT CTC CTA AAA TTT OAT OOT TOT TAC TOT CTC ACT TTC BAA AAT TTC 54 0
151 T yr T yr A ay l l a  Aay A la  O ln  TKr The A la  A ay T ry  C ly  V a l A ay Law Law L ye T h e  A ay C ly  C ya T yr C ya A ay t e r  Law C lu  Aan Law 140

541 OCA CAT OCT TAT AAC CAC ATC TCC TTC OCC CTC AAT AOB ACT OOC ABA AOC ATT OTC TAC TCC TOT OAC TOB CCT CTT TAT ATC TOC CCC 4 ) 0
I t l  A la  A ay O ly  T yr Lya l l a  M et t e r  Law A la  Law Aan A r t  Thr O ly  A r t  I I *  ^ a l  T y r  t a r  C ya Olw T ry  f r o  Law T yr Met T ry  f r o  >10

C M D ------------

4 )1  TTT CAA AAC CCC AAT TAT ACA CAA ATC CCA CAC TAC TOC AAT CAC TOB CCA AAT TTT OCT OAC ATT OAT OAT TCC TOC AAA ACT ATA AAC ’ >0
711 f h e  B in  Lya f r o  Aan T yr Thr C lu  l l a  A r t  c l * T yr Cya Aan t l a  T r y  A r t  *■ *  F h e  A la  A ay M e  A ay A ay t e r  T r y  Lya t e r  l i e  l y a  740

COD-----------

171 AOT ATC TTC CAC TOO ACA TCT TTT AAC CAC CAC ACA ATT CTT GAT CTT OCT OCA CCA OOB OOT TOC AAT CM: CCA CAT ATC TTA CTC ATT 4 1 0
741 l e r  l l a  Law A ay T ry  Thr t e r  f h e  Aan C ln  C lu  A r t  I I *  V«1 A ay V a l A la  C ly  f r e  C ly  C ly  T r y  Aan A ay f r o  A ay Mat Leu V a l I la  7 ’ 0

t i l  OOC AAC TTT OOC CTC AOC TOC AAT CMS CAA CTA ACT CAC ATC OCC CTC TOB CCT ATC ATC OCT OCT CCT TTA TTC ATC TCT AAT CAC CTC M 0
771 O ly  Aan f h e  C ly  Law l a r  T r y  Aan B ln  C ln  V a l Thr C ln  Met A la  Law T ry  A la  l l a  M et A la  A la  f r e  Law f h e  Met t a r  Aan Aay Leu 100

401 CQA CAC ATC AOC CCT CAA OCC AAA OCT CTC CTT CMS CAT AAC CAC ST A ATT OCC ATC AAT CAC CAC CCC TTC COC AMS CAA COB TAC CMS 440
401 A r t  1 1 *  >1*  t a r  f r e  C ln  A la  Lya A la  Law Law C ln  A ay Lye A ay V a l l l a  A la  l i e  Aan C ln  A ay f r o  Leu C ly  Lya C ln  C ly  Tyr C ln  1 )0

441 CTT AGA CAC GGA CAC AAC TTT CAA CTC TOC CAA CCA CCT CTC TCA OOC TTA OCC TOC OCT OTA CCT ATC ATA AAC COB CMS CMS ATT CCT 104 0
7 )1  Law A r t  C ln  C ly  Aay Aan f h e  B lw  V a l T ry  C lu  A r t  , r °  L* u * • '  C ly  Law A la  T r y  A la  V a l A la  Mat l l a  Aan A r t  C ln  c l u  l i e  C ly  )»C

l O t l  OOA CCT COC TCT TAT ACC ATC OCA CTT OCT TCC CTC OOT AAA OCA BTC OCC TOT AAT CCT OCC TOC TTC ATC ACA CMS CTC CTC CCT CTC 1 W O
111 B l y  f r e  A r t  * • '  Tf r T h r l i e  A la  V a l A la  t a r  Law C ly  Lya C ly  V a l A la  C ya A an f r e  A la  C ya f f a  t l a  Thr C ln  Law Leu f r e  V a l )4 0

1 1 7 ]  AAA AOB AAC CTA OOB TTC TAT CAA TOO ACT TCA AOB TTA AGA AOT CAC ATA AAT CCC ACA OOC ACT CTT TTC CTT CMS CTA CAA AAT ACA 1 740
741 Lya A ry  Lya Law C ly  f h e  T y r  C lu  T ry  Thr l e r  A r t  Law A r t  l * f  > 1*  >1* Man f r o  Thr C ly  T h r V a l Leu Law C ln  Law C lu  Aan Thr 470

C B ------------

1 711  ATC CAC ATC TCA TTA AAA CAC TTA CTT «AA AAAAAAAAAA AAAAAAAAAA AAAAAAAAAA AAAAAAAAAA AAA I D )
471  Mat C ln  H at t e r  Law Lya A ay  Leu *ew 1 4 r  4 7 4

Figure I . Nucleotide and predicted amino acid sequences o f  the 1437 nt full-length  
human a-Gal A cDNA insert o f  pcDAG126. This clone contained 60 nt o f 5' untranslated 
sequence and an open reading frame which encoded a 31 amino acid signal peptide and 398 
residues of the mature enzyme. Nucleotide A of the ATG initiation codon is designated +1. 
Overlincs indicate the poly(A) signals AATACA and ATTAAA and the CAGCT site 
implicated in U4 small nuclear RNA binding.
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out-of-fram e ATG at -22 which did not have the conserved purine at -25 or the other 

consensus nucleotides for initiation codons (16) (Fig. 1). The 31 amino acid signal peptide 

was consistent with that predicted from maturation studies, indicating that human a-Gal A 

was synthesized as a -5 0  kDa precursor glycoprotein which was proteolytically cleaved to 

the mature -4 6  kDa lysosomal glycoprotein (17). As shown in Figure 2, the predicted 

signal peptide was typical of such sequences (18-20) and included a basic amino acid in the 

first 5 residues (Arg-4) followed by a central hydrophobic core o f at least 9 residues (Leu-8 

to Val-22), an alpha helix breaker such as proline or glycine -4 to -8 from the cleavage site 

(Pro-27,G ly-28), a more polar C-terminal region (Asp-25 and Arg-30) and the most 

frequently observed C-terminal sequence, Ala-X-Ala. Identification of the signal peptidase 

cleavage site using the weight-matrix method o f von Heijne (20), unequivocally predicted 

cleavage after Ala-31 (score = 7.36). This site was consistent with Leu-32 being the 

am ino-term inal residue, as had been established previously by m icrosequencing the 

purified enzyme (1). Thus, microsomal cleavage o f the signal peptide is the only amino- 

terminal processing of human a-Gal A. An identical signal peptide sequence for a-Gal A 

was reported by Tsuji et al. (21), based on sequencing an a-G al A cDNA from the pcD 

library (pcD-AG210) which had a 5' untranslated region 37 nt shorter than pcDAG126. 

The amino-terminal processing o f the human a-Gal A prepeptide is similar to that of other 

human lysosomal enzymes (e.g., 22) and differs from those that contain pre- and pro­

segments requiring a second cleavage to form the mature polypeptide (e.g., 23, 24).

Isolation and Restriction Mapping o f  Genomic Clones—  Bacteriophage libraries 

enriched for human X-chrom osom al DNA were screened with the nick-translated 

pcDAG126 and pAG18 inserts. Three overlapping clones containing the entire a-G al A 

cDNA sequence were isolated, purified and subjected to extensive restriction mapping and 

Southern hybridization with the radiolabeled XAG18 M l3 deletion subclones (2) to locate 

fragm ents containing exonic sequences (Fig. 3). Clone X-W2, isolated from the X4X
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Figure 2. Secondary structure o f  the a-Gal A signal peptide. The hydrophobicity 
profiles and the predicted secondary structure for the 31 amino acid residue signal 
peptide and the first 9 residues of the mature N-terminus are shown. Amino acids 
are represented by their one letter code beginning with the initiation methionine at 
+ 1. Consensus sequences required for signal peptides are indicated and the 
corresponding residues in the a-Gal A signal peptide are underlined. Charged 
residues are indicated (+ or -). Deduced a-helical regions (a), p-pleated sheets (P), 
random coils ( - )  and turns (T) are indicated.
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library, was -1 2  kb and contained the 5' end of the gene (exon 1) and an additional 9 kb of 

5' flanking sequences. Two overlapping clones, X-B5 and X-B18, were isolated from the 

unamplified X5X human lymphoblast library. X-B5 was -1 4  kb and contained the entire 

coding sequence. X-B18 was ~15 kb and contained 3' coding sequences as well as about 

11 kb o f 3' flanking sequence. These three clones spanned 32 kb o f the X-chromosome 

which included the entire a-Gal A gene (-12  kb) and about 20 kb of flanking sequences.

i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— i— ' — i— n
-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14 16 18 20 kb

I I I I l f
Exons: 1 2 3 4 56 7

a-Galactosidase A Gene

Genomic Clones: 

X -W 2-----------

Restriction Maps:

PvuW L 
Taqi 
Mspt 
SamHi-

X-B5 Sail L
*-B18 Sail L-

Sac! 1 n  1------n — 1—n —1 u  * n  L
_u L. _ L

TT
J  L.

1 5  4 1

Nc° i — i------ j-j------ 1—n —1---- n  L
f c o R I  1---------------------------------------------—

• 0
" 7 r

TT
$ 2  I I  40 ? )  J 7 0 7

S r 1 u  t f r i 1 n  I n  1

 I________   i__________________________

Figure 3. Organization o f  the human a-Gal A gene. Exons 1-7 are denoted by solid 
vertical boxes, introns by open areas. The three overlapping genomic clones (X-W2, X-B5, 
X-B18) used to characterize the gene and their complete restriction maps are indicated.

The IntronlExon Boundaries— Sequencing of selected a-G al A restriction 

fragments revealed the presence o f seven exons in the gene (Fig. 3). There were no 

discrepancies between the exonic sequence in the genomic clones and that o f pcDAG126 or
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pAG18 (2). The exons ranged in length from 92 to 291 nt (Table I) while the introns 

ranged firom 200 nt (intron 5) to 3.7 kb (intron 1). The first exon (254 nt) contained the 60 

nt 5' untranslated sequence as well as the sequence encoding the signal peptide and the first 

33 residues of the mature enzyme. The intron/exon boundary sequences for all seven 

exons are shown in Table I. All intron/exon splice junctions followed the "GT/AG" rule 

(25) and were consistent with the consensus sequences for splice junctions of RNA 

polym erase II-transcribed genes (26). Putative lariat branch points were identified 

between *23 and -28 nt from the splice junction for all 6 introns by similarity to the less 

well conserved consensus sequence (C/T)N(C/T)T(A/G)A(A/C/T) (27, 28). All three 

codon phases were observed at the intron/exon junctions in the a-G al A gene (Table I). 

Phase 0 junctions (between codons) occurred four times, while phase I and II junctions 

each occurred once.

To date, the only other reported isolated and characterized human lysosomal genes 

are those for the p-hexosam im idase a-chain (29), p-hexosam im idase p-chain (30), 

glucocerebrosidase (31) and acid phosphatase (32). The a-Gal A gene, was smaller in size 

(-1 2  kb with 7 exons) than the p-hexosam im idase a-chain gene which had 14 exons 

spanning -3 5  kb (29) and the p-hexosamimidase p-chain gene which extended over 40 kb 

and was also split among 14 exons (30). a -G al A was larger in size than the 

glucocerebrosidase gene which had 11 exons spanning -7  kb of DNA (31) and the acid 

phosphatase gene which was - 9  kb and had 11 exons (32). In contrast to many secretory 

and membrane proteins (33), the signal sequences (prepeptides) were not contained on 

separate exons in these five lysosomal genes. However, intron 1 interrupts the coding 

sequence o f the p-hexosamimidase a-chain gene at the proteolytic processing site of the 

propeptide indicating a possible functional domain (29).

Regulatory Elements—  Transcriptional activity of eukaryotic genes is mediated by 

different combinations of promoter and enhancer elements. The promoter is required for
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Table I. Nucleotide sequence o f the intronlexon boundaries in the human a-Gal A gene.

Exon 
numbe r  

a n d  ( s i z e )

cDNA 
p o s i t i o n  
o f  e x o n

5 '  S p l i c e  d o n o r
I n t r o n  
number  

a n d  ( s i z e )
3 ’ S p l i c e  a c c e p t o r

Codor.
p h a s e

( n t ) (kb) 5* ccctqAGGTTAATC

1 ( 254 ) - 6 0 - 1 9 4 TGCATCAG q t a t c a 1 ( 3 . 8 ) t q a a t  t q t a ^ t q a t  t a t t q q a a t t t c t c t t t c a q TC.AGAAGC I I

2 (175) 1 9 5 - 3 6 9 CTAATTAT q t q a q t 2 ( 2 . 0 ) a c a a t q q t q f c t  c t t t t c c t c c c t c t c a t t t c a q GTTCACAG O
3 ( 1 7 8 ) 3 7 0 - 54 7 GGCAGATC q t a a t q 3 ( 1 . 5 ) t t t c c c t t f l t t t t a c c c a t t q t t t t c t c a t a c a q GTTATAAG 1

4 (92) 5 4 8 - 6 3 9 TTCAAAAG q t q a q a 4 ( 1 . 2 ) a a a q t a g a c a q a a q a q t c a t a t c t q t t t t c a c a q CCCAATTA O
5 ( 1 6? ) 6 4 0 - 00 1 CAGATATC q t a a a a 5 ( 0 . 2 ) t c t c t t q t t t  q g a t  t a t t t c a t t c t t t t t c t c a q TTAG7GAT r;
6 (198) 8 0 2 - 9 9 9 TTAGACAG q t a a a t 6 ( 0 . 4 ) q t  t q c t  a j q c a a c c a c a c t  t t. c t t  q q t  t t t t r a q GGAGACAA
7 (291) 1 0 0 0 - 1 2 9 0 TACTTT AAaa t  q t 3'

C o n s e n s u s s e q u e n c e s  : d o n o r  : *AC q t  ^ q t  C q l a r  l a t  : c n c t * a c a c c e p t o r  : r c c c c c c c c c n c a q  t t  q *  t  K t t t t t t t t t t  H

Exon sequences are in upper case letters; intron sequences in lower case, introns 5 and 6 were 
completely sequenced and the sizes of introns 1 through 4 were determined by restriction enzyme 
analyses. Donor and acceptor consensus sequences as well as those for the lariat branch point arc 
indicated. The putative lariat branch points are underlined in the 3' splice acceptor sequences. 
Codon phase O intron/exon junctions occur between codons, codon phases I and II interrupt codons 
after the first and second nucleotides, respectively.
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accurate and efficient initiation o f transcription, while enhancers increase the rate of 

transcription from promoters (34). A typical promoter region directing transcription by 

RNA polymerase II is usually about 100 nucleotides in length and has an A/T-rich region, 

the TATA box, that lies between 20 and 30 bases upstream  from  the initiation of 

transcription site (CAP site) (35). More distal elements that are predominantly involved in 

controlling the frequency of initiation are found in many promoters. CAAT box elements 

are often located in this region and are typically present 70-80 nucleotides upstream front 

the CAP site (36). a-G al A belongs to a class o f genes known as "housekeeping" genes, 

which are expressed at relatively low levels in most cell types. The promoters of several 

housekeeping genes have been characterized and unusual structural features were 

uncovered (37-40). Sequencing the promoters for adenosine deaminase (37), 3-hydroxy- 

3-methyl glutaryl coenzyme A reductase (38), hypoxanthine phosphoribosyl transferase 

(39) and 3-phosphoglycerate kinase (40) revealed the lack o f consensus sequences for 

TATA and CAAT boxes characteristic for eukaryotic promoters. A notable feature of the 

promoters was the presence of GGGCGG repeat sequences which are binding sites for the 

transcription factor SP1, a DNA binding protein that has been shown to enhance 

transcription by RNA polymerase II 10- to 50- fold (41).

The 5' flanking regions o f the housekeeping genes analyzed are all highly rich in 

G+C nucleotides and may be related to the "methylation-free" or "HTF (Hpa  II tiny 

fragments) islands" reported by Bird et al. (42, 43). These islands of 500 to greater than 

2000 base pairs contain at least 50% G+C and the num ber o f CpG dinucleotides 

approximately equals GpCs. The CpG clusters in this region are non-methylated and this 

has been shown to be correlated to the transcriptional activity o f the genes; i.e., the 

transcription o f genes with "HTF islands" is inhibited when the island is methylated.

Several possible regulatory elements were identified in the a-G al A 5' flanking 

region (Fig. 4). The TAATAA sequence was 86 nt from the initiation codon (all distances 

are from the initiation codon to the most 3' nt o f the indicated element). Canonical CCAAT
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1 W *  C C C T T C T G T  A GGGCCAGAG A G G T T C T A C T  T C A T T A C T G C  G T C T C C T G C G  A A GG CC A TC A  G G A C T G C T G G  " 'T A A A " 7 GCG

1 1 0 0  A A CCA G G AC T C T T T G T G A G T  T A A ^A A T T T G  T G T A T T T A T A  T C T G T C T T A T  A C A C A T T T T T  T A A A A A »-"T C  T W C A C A T T  A G C T T C A C  A . T "  f.

1 0 0 0  G G TG C TG A A T  T A T G T G T A T T  T T T A A A T T T T  A T A C T A T A T T  G T T A T T T T T C  A A A T G T T C C A  A A T T G A A TA T  G T A G A T T C T T  G T 7A T C A C C A  GAAAAATAAA

fO O  C A T T A T T C A A  A T A C T C T A T T  CA CTA A A G TA  A T T T A T T G G C  C G C C T T T G T C  A A GC AC G CA T T T G C C T A G A T  C T G A C T C T A C  A G A T A A A A T T  CAC T T G G tiC r

— ~ami *
•  0 0  C T C C C C T T A C  A G AC AA TCA G  G CA GTGGAGA C T G A G T G C C T  GAATG G A TA G  A C C A G C A C TC  A G A C C A C T A T  T T T C A G T A T C  T G T T T T T C T T  A ACTCAG<;g c

7 0 0  C G T G C T T T T C  A A A C G T T T T T  CG C C T T A C G G  T C A C C C T T A G  G G TC C C C C G A  G A CC G G C C C A  G A CA GA CAG A  TA TAC AA A A A  C A C A tA C A C A  G T C A T '-A G . .

* 0 0  T C C A C C A T T T  CC C C A C C A G G  CGCA G CA CAG  G C C G C T T C C C  G CCA CTG A G A  TGGGGGGGAG GAGCGAGACA G CGCGAGGGG GGAG r.G GA A A  V A f iA  .A A : .

bOO AAAGAGGCGG A G G C G G C CCC CG A A CCC CG C T C T G G T C T T C  A T C A T C A C C A  C C C C T G G G TC  C C C A G T T C C C  A T C rA C A C A C  C AAC C'TOT AA . ’ .ATA

CA C G T  ' J ’.C:.' ’ TA • 
D i i  ^  — o V i ^

7 0 0  G T C A T G T G A G  /T C T C G C T C A  CGTC.ACjCAAC T C T C G G C T T A  A A CTCG G G A T C A C T A A G G T C  C rG C A C T T C C  T T C T G G T A T G  CA A A TAG G G C

0 ,1  D»1 ,,r_r* -••• _ _ _
7 0 0  CAAGAAAGCA A G A G G G H 1A T  T G ^ TTAGCGG A A C G T C T T A C  G T G A C TG A T T  l A T T ^ T CTA C C T C T G G G G A T  A A C C G T C C f'A  G T T G C C A G A G  AA>* J l A T » A r  

CAAT .  T y  CAA" C AAT
1 0 0  GT C A T T  A 1 if? A A T A I g T C A T  C G G l C S I T n  T C C G C C C C T G  i A G G T T A A TC T  T A AA A G CCCA  G G T T A C C C C .r G C A A A T T T A T  G C T G T C C t.G T  r  A r ( .  T'.AC A 

OT T ^  TAT A~D I } »  C A A T ^ ~ y y ~ » ~  I— ► p c Q A C U *  A . r  t I

1 A T C  CA C CTG  AGC AAC C C A  GAA CTA  CA T C T C  GCC TG C G C G  C T T  GCG C T T  CGC T T C  C T C  G CC C T C  G TT TCC TGG GAO A TC r c T
1 H * t  G i n  L » u  A r q  A a n  P r o  G l u  H l »  L » u  G l y  C y a  A l a  L * u  A l<  Lf»u A r q  P T v  U u  A I a l « u  V a l  S » r  T r p  A a p  ; i >  P r o

r .T n t
•  7 GGG G CT AGA GCA C T G  GAC A A T  GGA TT G  GCA  AGG A CC C C T  A CC A TG GGC TGG C T C  CA C T G G  GAG CGC T T C  ATC. TGC AAC C T T
7 *  G l y  A 1 < A r q  A l « ^ L « u  A l p  A » n  G l y  L * u  A l j  A r q  T h r  f r o  T h r  G l y  T r p  L * u  H l »  T r p  G l u  A r q  P h »  N « l  C y *  A * r  \m.

1 * 3  GAC TGC CAG GAA GAG CCA G AT TCC TGC A T C  AG G T A TC A G A TA  T T G G G T A C T C  C C T T C C C T T T  G C T T T T C  CAT C. TGT TT GGG T ■ T 7  :  . . .  . 
3 S  A s p  C y s  C l n  G l u  G l u  P r o  A s p  S s r  C y s  1 1 s  | — 1 m  r o »

7 7 *  AACTG GA G A G  T C T C A A C G G C  A A CA GTTG A G  CCCG A GC G AG  A G CTC

Figure 4. The 5 ' nucleotide sequence o f  the a -Gal A gene and its 5 ' flanking region. 
The 1478 nt sequence was derived from restriction fragments o f genomic clones 
X-W2 and X-B5 (see Fig. 3). The sequence includes 1179 nt o f 5' flanking DNA,
192 nt of coding sequence and 107 nt o f intron 1. The sequence was determined in 
both orientations. The sequence from -60 to +192 was identical to that in the full- 
length cDNA clone, pcDAG126. The signal peptidase cleavage site is indicated 
by an upward arrow. Nucleotide A of the initiation codon, ATG, is designated +1. 
Sequences resembling TATA and CCAAT motifs are boxed. SP1 binding sites (SP1) 
are underlined with a wavy arrow; "OCTA" enhancer elements (OCTA), an A P -1 
enhancer sequence (A PI) and direct repeats (DR1, DR2) are underlined with straight 
arrows. A GC rich region ranges f ro m -660 to +1. See text for details.
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box sequences (5’ GGYCAATCT 3'; 36) were located at -71, -146 and -178 nt from the 

initiation codon on the antisense strand, while degenerate forms, CA a T and GGTCAAT, 

occurred at positions -104 and -203 nt, respectively. The GC box consensus sequence for 

the promoter-specific transcription factor Spl (41), occurred in the reverse orientation at 

-63 nt and in the forward orientation at -207 nt. For comparison, the p-hexosaminidase a- 

chain gene had a 5' region -253 to -283 nt from the initiation codon (the cap site is yet to be 

determined) which contained a TATA-like box (TTATTTA) and a CCAAT box (CCATC) 

with an intervening GC-rich region (29). The human glucocerebrosidase gene also had 

TATA-like and CAAT-like boxes in its 5' upstream region, but lacked binding sites for the 

SP1 transcription factor (31), while the acid phosphatase gene contained two GC boxes but 

lacked TATA and CAAT sequence motifs.

Several potential enhancer binding sites also were present in the a-Gal A gene. The 

conserved recognition m otif (TGACTCA) of the API enhancer-binding protein (44) was 

identified at -153 nt. The immunoglobulin "OCTA" enhancer element (ATTTGCAT; 45) 

was present with one mismatch at -835 nt and, in the opposite orientation, at -889 nt. A 

perfect match with the reverse complement of the c-fos enhancer elem ent GATGTCC 

(46), occurred  at +70 to +78. In teresting ly , the "chorion box" enhancer 

|TCA(T/C)GT(G/A)AG((7A); (47, 48)] was found in four direct repeats, each separated 

by ~6 nt at -274, -290, -307 and -323 nt. Future evaluation of the importance of these 

putative promoter/enhancer elements in the regulation o f a -G al A gene expression will 

require footprinting experiments and functional assays with deletion/mutation mapping 

(49).

The a -G al A gene contained a methylation-free or "HTF island" (42) in the region 

from -260 to -660 nt. This 5' region had a G+C content o f 59% (typically >50%) and a 

CpG/GpC dinucleotide ratio of 1.5 (typically CpG/GpC > 1.0). Extension of the region to 

+1 nt, in order to include a S a d i  site which is indicative o f  "HTF islands" (43), slightly 

reduced the G+C content to 54% and the dinucleotide ratio to 1.4. Since "HTF islands"



have been implicated in maintaining inactivation o f X-linked genes (50, 51), analysis of the 

methylation patterns in this region from active vs inactive X-chromosomes will complement 

previous studies of X-reactivation o f a-G al A expression in mouse-human somatic cell 

hybrids (51).

The 3 ' Flanking Region— A most unusual feature of the XAG18 cDNA insert was 

the absence of a 3' untranslated sequence; the polyadenylation signal sequence was in the 

coding region 12 nt from the termination codon which was followed by the poly (A) tract 

(2). This finding is unique among human nuclear-encoded mRNAs. In mammals, the 

only other example of an mRNA lacking a 3' untranslated region is the mRNA for murine 

thymidylate synthase (53). It is o f interest that the human thymidylate synthase transcript 

did have a 3’ untranslated region (53). To further investigate the possibility that a-Gal A 

transcripts lack a 3' untranslated region, additional cDNA clones from different human 

cDNA libraries were isolated and their 3' sequences were determined. The possibility that 

the a-G al A transcript contained a 3' poly(A) sequence which could serve as a site for 

oligo(dT) binding in the construction o f cDNA libraries was ruled out by sequencing the 3’ 

genomic region. As shown in Table II, five cDNA clones from three different libraries 

lacked 3' untranslated regions. In two other clones, (pcDAG7 and pcDAG41), the TAA 

termination codons were followed by the short 3' untranslated sequences, AATGTTT and 

AATGTC, respectively, while a previously reported cDNA (21) had the sequence 

AATGTT (Table II). Thus, while the majority o f the isolated a-Gal A cDNAs lack a 3' 

untranslated sequence, alternative cleavage and polyadenylation can result in a short 6 or 7 

nt untranslated sequence, maintaining the termination codon. It is possible that these 

alternative, short 3' regions represent microheterogeneity o f the primary a-Gal A cleavage 

reaction (54). Additionally, the second upstream  (-28 nt) polyadenylation signal, 

AATACA, may be involved in the variant cleavages.



Table II. 3' Sequences of a-Gal A cDNAs and
Genomic Clone X-B18.

Clone 3' Sequence

cDNA
XAG18 ....TAA ................ (A) 12
XHLAG4 ....TAA ................ (A)122
pcDAG8 ....TAA ................ (A)33pCDAG69 ....TAA ................ <a >92
pcDAGl26 ....TAA ................ <A)43
pCDAG41 ....TAA AATGTC......... (A)57
pcDAG7 ....TAA AATGTTT . . . . (A)91Genomic
X.-B18 ....TAA AATGTTTATTTTATTGCCAACT 

ACTACTTCCTGTCCACCTTTTTCTCC....
Downstream consensus: YTGTTYY TTTTTTTT

The a-Gal A cDNA and genomic clones were isolated and 
sequenced as described in the text. The 51 nt 
genomic 3' sequence, beginning with the termination 
codon(TAA) and ending with CTCC, is aligned with the 
sequence in pcDAG7. The "GT-box" and "T-rich" 
element homologies each cccur twice in the genomic 
sequence as indicated by underlines.

Since the murine thym idylate synthase gene did not have a 3’ untranslated 

sequence, it was proposed that cleavage and polyadenylation was facilitated by the 

formation of a stem and loop structure in which the polyadenylation signal completely base- 

paired with downstream sequences (53). When the human a-Gal A genomic sequence was 

sim ilarly folded (BIOFLD program, BIONET), the polyadenylation signal was not 

completely base-paired with downstream signals. In contrast to the thymidylate gene, the 

3' flanking region o f the a-G al A gene contained sequences with sim ilarities to the 

consensus downstream elements, YGTGTTYY ("GT-box") and T n ("T-rich"), recently 

shown to be involved in polyadenylation (55-57). Tw o pairs of these downstream 

elements occur in the a -G al A gene first at +16 and +22 nt and again at +43 and +52 nt
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from the polyadenylation signal (Table II). It is possible that the alternative cleavage sites 

may be due to the presence o f these additional, more 3', elem ents. W hatever the 

mechanism responsible for these alternative 3' sequences, it is notable that the a-Gal A 

transcript does not require a 3' untranslated region for stability or translation.
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Chapter Two

Determination o f  the Complete a-Galactosidase A Genomic Sequence
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INTRODUCTION

The isolation and characterization o f full-length cDNA and genomic clones 

encoding a-Gal A have provided the necessary tools for the molecular analysis of Fabry 

disease and for the expression of large amounts of the en/ym e for structural studies and 

therapeutic trials of enzyme replacement. However, in order to precisely characterize a-Gal 

A gene rearrangements and to provide probes for the identification of intronic polymorphic 

sites, the complete sequence of the a-Gal A gene was determined. This information will 

provide a basis for the understanding of the m olecular mechanisms underlying a-Gal A 

gene rearrangements. Interestingly, Alu sequences comprised about 30 percent of the a- 

Gal A gene. These 300 nucleotide middle repetitive elements are members of the largest 

dispersed repeat family representing -3 -6  percent o f the human genome (1) or an average 

of 1 Alu  every 4 kb (2). During evolution, Alu  sequences presum ably were inserted 

randomly into the human genome by retroposition o f a series of related genes derived from 

an ancestral 7SL sequence (2, 3). A lu  fam ily m em bers have been classified into 

evolutionarily related groups based on the extent o f their divergence from consensus 

sequences at certain nucleotide positions (3-6). In addition, divergence of the 7SL 

integrated product occurred at hypervariable CpG dinucleotides (24 in the consensus 

sequence). According to the classification of Jurka and Smith (4), the oldest subfamily has 

been designated the Alu-J subfamily and is estimated to have arisen more than 60 million 

years ago. The more recent subfamily, Alu-S  has been further split into three branches, 

Alu-a, -b and -c. In the a-Gal A gene, all 12 Alu repeats were classified in the more recent 

S subfamily, nine in the Alu-a, two in the Alu-b  and one in the Alu-c branches. W hatever 

the origin the o f Alu  sequences may be, the unusually high frequency o f these repeats in the 

a-Gal A gene predicts that this gene may be particularly prone to genetic recombination by 

unequal crossing over events.
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EXPERIMENTAL PROCEDURES

Genomic clones described in Chapter 1 which spanned approximately 30 kb of the 

human X-chromosome were used to sequence the -1 2  kb a-Gal A gene in its entirety in 

both orientations. The majority of the sequence was determined from unidirectional 

exonuclease III (Exo III) deletion subclones o f the 3.7 kb, 2.5 kb and 1.8 kb S a d  

restriction fragments (see Figure 3, Chapter 1) in pUC19 generated with the "Erase-a-Base 

System" (Promega). Five micrograms of each plasmid were digested with two restriction 

enzymes that cut uniquely in the pUC19 polylinker. The enzymes were chosen such that a 

5' overhang was produced adjacent to the insert and a 3' overhang next to the priming site, 

thus protecting the vector. The doubly digested DNAs were treated with 360 units of Exo 

III at 35 °C. Approximately 200 ng aliquots were removed every 30 seconds and placed 

on ice. The samples were then treated with 2 units of SI nuclease for 30 minutes at room 

temperature, followed by heat inactivation at 70 °C for ten minutes. The large fragment of 

DNA polymerase was used to fill in the ends and then the plasmids were circularized with 

T4 DNA ligase. The deleted plasmids were used to transform JM 109 cells rendered 

com petent by incubation with 0.1 M MgCl2  and 0.1 M C aC ^. A rapid screening of 

recombinants from each time point was performed by lysing the bacterial colonies directly 

in an SDS-agarose gel and separating the plasmid contents by gel electrophoresis (7). 

Subclones that contained a nested set of deletions were used for sequencing with the 

M 13/pUC universal primer. Plasmid template DNA was isolated by the rapid boiling 

m ethod o f W ang et al. (8). D ouble-stranded sequencing o f plasm id DNAs was 

accomplished using the GemSeq Klenow System (Promega) and Sequenase (United States 

Biochemical Corp.). Other genomic fragments were subcloned into M l3 vectors (9); the 

single-stranded M13 DNA templates were sequenced using the dideoxy chain termination 

method (10) with universal M l3 primers or oligomers constructed to a-G al A sequences
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synthesized on an Applied Biosystems Model 380B DNA Synthesizer. Computer-assisted 

alignm ent o f the nucleotide sequences was performed using the M icrogenie program 

(Beckman).

RESULTS AND DISCUSSION

The complete nucleotide sequence for the gene encoding human a-G al A which 

includes 1179 nt o f 5' flanking sequence and 1169 nt o f 3' flanking sequence is shown in 

Figure 1 (pp. 50-57). The 12,436 bp sequence was determined on both strands of DNA in 

their entirety. Nucleotide A of the initiation codon, ATG, is 1180. Figure 2 is a schematic 

diagram of the a-Gal A gene indicating the positions o f the seven exons, six introns and 

repeat elements. O f note, there were \2 A lu  repetitive elements (11) distributed throughout 

the intervening sequences and the 3' flanking region. Four Alu  repeats were located in 

intron 1 (Alu elements 1 and 2 were arranged in a tandem array), three in intron 2, one in 

intron 3, one in intron 4 and three in the 3' flanking region (Alu elements 10 and 11 were

I 1----- 1------1------1------1----- 1------1----- 1------1----- 1------ 1------1------1------1-----1------1
‘ 2 0 2 4 6 8 10 12 kb

Alu: 1 - 4  5 - 7  8 9 10-12

Exon: 1

/ C T '

3 4 5 6 7

Figure 2. Schem atic diagram o f  the a-G al A gene. Exons 1-7 are shown as solid 
rectangles. The positions and orientations of the 12 Alu  repeats are indicated. CT 
designates the position o f the 84 bp CT repeat in intron 1. The nucleotide coordinates for 
the a-Gal A gene (top) are as for the entire 12,436 bp sequence (Fig. 1).
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arranged in a tandem array). The finding o f 12 Alu sequences in the 12 kb a-Gal A gene 

was well above the theoretical average of one Alu every 4 kb (2), but is not unprecedented. 

For example, the human p-tubulin gene has 10 Alu sequences clustered in a single 4.8 kb 

intron (12) and the -3 3  kb human tissue plasminogen activator gene has 28 copies 

distributed throughout the 13 introns and the 5' flanking region of the gene (13).

The properties of the 12 Alu  sequences are summarized in Table 1. Alu  repeats 1, 

2, 3, 6, 7 and 9 were in the reverse orientation, whereas repeats 4, 5, 8, 10, 11 and 12 

were in the sense orientation. When categorized into "subfamilies" according to the 

classification o f Jurka and Smith (4), all 12 had sequences homologous to the more modem 

"S subfamily"; nine were further subdivided into the older "a branch", two were assigned 

to the more recent "b branch" and one to the intermediate "c branch". Figure 3 is a 

comparison the the Alu  elements in the a-G al A gene to the consensus sequence. When 

each o f these repeats was aligned with the consensus sequence, the percent divergence 

(based on the number o f mismatches due to base substitutions, insertions and/or deletions) 

ranged from 9 to 15 percent (Table I and Fig. 3). O f the 24 CpG dinucleotides in the 

consensus sequence, the num ber in each o f the 12 A lu  repeats that had undergone 

spontaneous deamination of 5-methylcytosine to thymidine (14) ranged from 8 to 20 (Table 

I and Fig. 3). Analogously, comparison of the Alu  sequences to each other revealed a 

divergence of 12 to 21 percent (data not shown) suggesting that each Alu  resulted from a 

separate retroposition event. M oreover, all 12 Alu  sequences were flanked by direct 

repeats o f 4 to 18 bp (indicated by underlines in Figure 3), possibly indicating a staggered 

breakage of the host chromosome occurred during insertion of the mobile element (15). As 

previously observed with other direct repeats flanking Alu sequences, the 5' end of many 

o f the a-Gal A direct repeats were especially A-rich and these regions have been proposed 

to be involved in the integration process of the repetitive elements (16).

In addition to the Alu elements, a CT repeat sequence of 84 bp was found in intron 

1 (nucleotides 1603-1686). This repeat was predicted to form particularly stable secondary
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structures with a GA rich region in the 5’ flanking sequence (nucleotides 626-692) when 

analyzed for dyad symmetry by the SEQ program (17). O ther small imperfect direct 

repeats and inverted repeats were found throughout the gene, but the significance of these 

is unknown.
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Table I. Properties o f  the Alu sequences in the human a-galactosidase A gene.

Alu
Repeat

Nucleotide
Coordi­
nates
(bp)

Sense
Sub­
family

Branch

% Homology 
With Alu 

Consensus 
Sequence

% Mutated 
CpGs

1 2851-3150 - B 90.0 33.3

2 3155-3433 - A 88.7 50.0

3 3828-4125 - A 88.3 53.3

4 4214-4512 + A 87.0 62.5

5 5351-5644 + A 89.2 62.5

6 5759-6060 - B 90.3 50.0

7 6306-6595 - A 91.4 53.3

8 7945-8229 + A 85.0 83.3

9 9508-9793 - A 91.3 50.0

10 11330-11620 + A 86.5 53.3

11 11621-11912 + A 85.3 79.2

12 12101-12398 + C 87.0 50.0

Coordinates correspond to the a-Gal A 12,436 bp sequence. The A o f the ATG initiation 
codon is nucleotide 1180. Alu  elements were classified according to the nomenclature of 
Jurka and Smith (4). For homology comparisons, gaps have been counted as single events 
even if they involved more than one base pair.
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Figure 3. Sequence comparison o f  Alu repetitive elements within the human a-Gal A 
gene. The 12 a-Gal A Alu  family members (1-12 shown on the sense strand) are aligned 
with the Alu  consensus sequence (C) taken from the literature (4). Open spaces denote 
homology; deleted sequences are indicated by asterisks and inserted nucleotides are shown 
beneath the dashes placed in the consensus sequence. Direct repeats flanking the Alu  
sequences are underlined.
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Figure 1. Complete nucleotide sequence o f  the human a-Gal A gene. The 12,436 bp 
sequence derived from a-Gal A genomic clones was determined on both strands of DNA in 
their entirety. Exonic sequences arc in uppercase; intronic sequences are in lowercase and 
Alu  sequences are in italics. A CT-rich region in intron 1 is underlined.



c c c t t c t g t a q q q q c a q a q a q q t  t c t  a c t  t c a t t  a c t  qc q t c t  c c t q q q a a q g c c a t  cag 6 C

g a c t g c t g g c t a a a q t q q q a a c c a q q a c t  c t t t g t q a q t t a a q a a t t t q t q t a t t t  a t a t \ ? c

g t q t g t t a t a c a c a t  t t t t  t a a a a a a c t  q t a a c q a c a t  ca qqt  t . q aq ca q t. cqt.  ct  c cq q : ro

q t . q q t q a a t t a t  q t q t  a t  t t t t a a a t t t t a t a c . t a t . a t t q t t  a t t . t t . t c a a a t q t t c q a a ; 4 o

a t  t g a a t a t  g t  a q a t  t q t  t q t t. a t c a q c a q a a a a a t a a a c at  t  a t  t  c a a a t a c t c t a t t c 100

a q t a a a q t a a t t t a t t g g g c q c c t t t q t c a a g c a c q c a t .  t t q c c t a q a t q t  q a c t  c t  aca 380

qa t  a a a a t t r a c t t g q q g c c t c c c c t t a c a q a c a a t c a g g c a g t q q a g a c t q a q t q c c t q 4 ? 0

a a t  q q a t  aqa c c a q c a c t  ca q a c c a c t a t t 1 1. c a q t  a t  c t q t  1.111 c t  t  a a c t c a g g g c c <180

q t g g t t t t c a a a c q t . t t . t t c q c c t t a c q q t c a c c c t  t aqq q t  c c c c c q a q a c c g g c c c a q b40

a c a q a c a q a t a t a c a a a a a c a c a t . a c a c a q t c a t q a g c g t c c a c c a t t t c c c c a c c a q g c 600

q c a q c a c a q q c q q c t t  c c c q q c a c t  qaqa t . q q q q q q q a q q a q q q a q a q a q c q c g a q q g g g 660

q a q q q q a a a q c a g a q a a r q a a a q a q q c q q a q q c q q c c c c c g a a c c c c g c t ct  qqt.  c t  t e a l ? 0

t c a t c a c c a c c c c t  q q q t  cc c c a q t  t  c c c a c c c a c a c a c c a a c c t c t a a c qat.  a c c q g q t >80

a a t  1 11  c c t  c c t t .  c t t c c c t c a a a c q g c t  a t a q c q a q a c q q t  a g a c g a c g a c c a g a a c t  a 8 <1 0

c t . t c t . q c t  c a c q t . a a q c q a q t a a t c a c q t  q a q c g c c t  a c g t c a t g t q a q a t c t c q g t r  a c 90 0

q t  g a g c a a c t c t  cqqct .  t. aa a c t  c q q q a t  c act  a ag gt  gc c q c a c t t  cc t t ct  qqt  at  gq 960

a a a t a q q q c q q q t c a a t a t c a a q a a a q q a a q a g g g t q a t  t. gg t  t  a g e g g a a c q t  c t  t. acg 1 o ? o

t q a c t q a t t a t  t q q t  c t a c c t  c t q q q q a t a a c c q t c c c a q t t . q c c a q a g a a a c a a t  a ac q 1 0 80

t c a t t a t t t a a t a a q t . c a t c q q t  q a t  t q q t c c q c c c c t g A GGTTAATCTT AAAAGCCCAG n  40

GTTACCCGCG GAAATTTATG CTGTCCGGTC ACCGTGACAA TGCAGCTGAG GAACCCAGAA 1 2 0 0

CTACATCTGG GCTGCGCGCT TGCGCTTCGC TTCCTGGCCC TCGTTTCCTG GGACATCCCT 1 ?60

GGGGCTAGAG CACTGGACAA TGGATTGGCA AGGACGCCTA CCATGGCCTC GCTGCACTGG ] 3? 0

GAGCGCTTCA TGTGCAACCT TGACTGCCAG GAAGAGCCAG ATTCCTGCAT CAGgt  at  c ag 1 38C

a t a t t q q q t a c t c c c t t c c c t t t q c t t t t c c a t  q t  g t  1.1 g g g t g t g t t t g g g q a a c t g g a 1 4 4 0

q a q t c t c a a c q q q a a c a q t t q a q c c c q a q q q a q a g c t c c c c c a c c c g a c t . c t  g e t  q c t  gc 1 bOO

t t t t t t a t c c c c a g c a a a c t q t c c c g a a t c a q q a c t a g c c c t  a a a c t 1 1  c t c t q t g t g a c 1 b60

c t t t c c t g q q a t q q q a q t c c q g c c a q c q q c c c c t q t t t c t t t c L c L c t c t C L CL C t C l C L 1 6? 0

c a L L c t c c t t c t c t t t c t  c t t t ct  ct  t ct  r t CCt . cL Ct Ct . t.t c t c t c t  ct c c c t a c c c a a 1 6 80

L l C t C L t t t t t c a c t g c t c c 1 1 q c a g a q c a q g g c c a c c c c a t  a q g c a g t  g t q c c c a a a g t 1 / 4  0

a g c c c t g c c c q g t t c t a t t c a q a c c c t  t  c t t g t g a a c t t c t g c t c t t c c t . c t g c c g g g t g ; HOC

c t a a c c g t t a q a a c a t  c t  ag q q t q q q t a q q a g g a a t g g g g a a c t  a a g a t  t c g t g c c a t t t 1 860

t t t c t c c t t t t q q q q t c q t q g a t  t t  c t  cgq c a g t a t c t c g a g g q a q t t  ag a g a g a c c a t a 1 9?  0



a g g t c g c t g a g a t c t c t c c c a c c t c g c c c a t g a g c g t g g c a t  c a q g c t  gg a a g g t t g a c a 1 980

t g g a g g a a c t t t a t a c a t t t a c a c c t t t g c g t g a g g g i t g a g g c t g g a t t a g a t  a g g t  a t P 04 0

t g a a c a t a t c t g a c c c t c a c a a t c c t t a t c t q t a a a t t q q q a t t a c a a c c t t t t a a t t t c ? ; o o

a g g g a g c t g a c a a a a a a a a t c t g a a a a a t a g t t c t t a t c t c a c a c a g g t  q a g t  1.11 c a a g P 1 60

g a g a t  a a c c t a t t t a a a g t a c a t  a g c a c a g c g c t t g a c c a t t  c a a c t g c g c t t a c a g a g c PPPO

a a a t g t t c a a t g g g a a a a t g a a t g t  a a a t c t a c a a a t c t g a a t q a a t a t q t q t a t  t t t t c PP80

t g g a g a g a g g a t a t t t a c c t t t c t t c a a a t t  c t  c a a a g g g c t c t g t g a t t . t a a a a a a g g t P 3 4 0

t  a g g a a t  c a c t g a t a g a t g t t g g t a a a a g g t g g c a g t c a c a g t a c a t t t c t g t g t c c a t a P40C

a g t t a t t c c t a t g a a t a t c t t t a t a g a t a a a q t c a g g a t q t t  q g t c a g a c a t c a c a g a a g P 4 60

a a a t t g g c c t t g t a a g t t t c a t g t g a c c c t g t g g t a c a g t a t g t g t  g g ca a t t t t g c c c a PbPO

t c a c g g a t t  t t . t t t t t a t t q g t a t t t q c a t ct  g a t t a t  aa a a c f j  a t. g c a t. g a t  c a 1.1 g c: PSRO

a a a a a a t q t a g a t a a a g a a g a g c a a a a t g a a a a t a a a g a t t.t c c c c c c a c c g t  t c c a c c a P 64 0

c c c a g a a a t  a a t c a t g g t t t a a a t g t  t  a a t a t  a c a a c c t  t a c a a t t g t t t t. c t  a t  a t  a aa P 700

t q a a a a c a t a g a t t t c t t t a t t t c a t t a t t t t c c a t a a a a a a t g g a t c a t q t t t a t . g t  ca P 760

t q t t t g g c t a a t  g g c a a g a c c c t q g c a c c c a g t c t g g g c t c a a a 1 1  c t  gc c t  c a t  t g t  t. a PfiPO

c t  t  a g c c c t  g t g a c a t t g g g t  a a a t  t  a c a c t t t t t t t t t t t t t t t t t t t t t g a g a c g g g g PBRO

t c t  c g c t  c t  g t  c g c c c a g g c t g g a g t  g c a g t g g c a c g a t c t c g g c t  c a c t g c a a g t  c c g c P 94 C

c t  c c t g g g t t c a c g c c a t  t c 1 1 c t  g c c t  ca g c c t  c c c g a g t a g c t  g g g a c t a c a g g c g c c 3000

t g c c a c c a c g c c t  g g c t  c t  t 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 t a g t  a c a g a c g g g g t  11 c a c 3060

c a t  g t  t a g c c a g g g t  g g t  ct c a a t  c t c c t  g a c c t  c g t  g a t t c g c c c g c c t c a g c c t  c c c a 3: p o

a a g t  g c t g g t g t  g a g c c a c c g t  g c c c a g c c t t a c t 1 1 1 1 1 1 1 1 1 g a g a g g g g g t  c t  c a c t 3 18 0

c t  g t  c a c c c a g g t t g g a g t g c a g t  g g c g c g a t  c t  c t g c t  c a g t  g c a a a c t c c a c c t c r c g 3 P 4 0

g g t  11 a a g c a g t  t c t  c c t  g t c g t a g t  c t  c c t g a g t  a g c t  g g g a t  t a c a g g c a c a c c a c c a 3300

c g g c c a g c t  a a t  1111  gt  a t 111 c a g t  a ga g a c g g g t  1 1 c a c c a  t g t  t gc c c a a g c t .  g g t 3 3 60

c t c g a a c t c c t g g c c t  c a a g t ga t  c t  g c c c g c c t  t g g c c t c c c a g a g t  g c t g g ga  11 a ca 34 PO

g g t  g t  g a g c c a c c g c a c c c g g c c t c t t t t t t c t t t t t t a g t  c t  a t  c a t  ac c t t g c a a a t  a 3 48 0

c a g t g g t t c t t c c t a t g t g t t g g t t t t g a t a t t t a t g t a a t c a a a c a c a t c a g t t t t t  cc 3 b 4 0

t t t c t g a t t t c t g a c t t t g g g g t c a t g c t g a g a a a g t  c c t t t c c t a c c t g a a g a t a a t a c 3 60 0

a g t  a t  a t  a c g t t t c t t a c t a g t a t t t t t g t g g a t t t t t a a a a t a t t t a a a t  c t  11 a g t  cc 3 66 0

a t c t g a a c t t g t t c t t c t a t c a g a a a t g c c a c a t t t a a t a a a t a a t a a g t c c c a t g g t a t 3 1? 0

c a g a t g g c t  g g a a g g a c c t c t t t c g a a a c t t t g t t t a a t t c c a t t a a t c t g t g t a t t c t t 3 780

a t t  c t  a a t g c t a a t a g t t c c a c a c t a g c t t c c t t t a t c t  t t t t t t t c t t t t t t t t t t t t t 384 0



53

1 1 1 1  g a g c t  g g a g t 11 c g c t c t  t  g t  t g c c c a g g c t  g g a g t a c a a t  g t  c a c g a t  c t  e g g t  t 3900

c a c c g c a a c c t c c g c c t c c c a g g t  t  c a a g c a a t t c t c c t g c c t  c a  t  c c t  c g e g a g t  a g c t 3960

g g a a t t a c a g g c a t g c g c c a c c a c g c c t  ag c t a t 1 11  g t  a 11 111 a g t  a g a g a f  g g g g t  t 4 0?0

t c t c c a t g t t g g t c a g g c t g g t  c t c a a a c t c c c a g c c t  ca g gt  g a t  c t  g c c t  g c c t  e g g e A 080

c t c c c a a a a t g c t g t t a t t a c a g g c g t g a g c c a c c a c g c c c a g c c l t c a t c t t t t a a t q a 4 14 0

a t g t a c a t g t a t g t a a t c t t t t a g g t g a a c t t t t t g t a a t g t t q t q c c a a q t t c c t t a a a A? 00

a a g c c c t t t t g g a a g c t  g g g c a g g t  g g c c a c g c c t g t a a t c c c a g c a t  11 f g g g a g t  c t  g A?f> 0

a g g c a g g t g g a t  c a c t  t  g a g g c c a g g a g t t c a a g a c t a g e c t  a g c c a a a a t g c a a a a c c c A ~\?0

t g t c t c t a c t a a a g a t a c a a a a a t  t a g c c g g a t g e g a t g g c a c a t  g c c t  g t aa  t c t  c a g e A 380

t a c t c g g g a g g e t g a g g t a g a a g a a t c g c t t g a a c c g g g g a g g c a g a g g t t g c a g t g a g c AAAO

a a g a t g g c g c c a c t  g c a c t  c c a g c c t g g g t g a c a g a g g g a g a c f  c c a t  c t c a a a a a a a a a A bOO

a a a a a a a a a a a a g a t a a a a a g q a a a c c t  aa g t a c t c t t g g q c t t t q t t a a q q a t  t t t q t  t 4 b 60

a a a t  a t  a c a a a q q a t t q c a q q q a a a a t t a a c t t a t t t t t a a t a t t q a q t a t  qc t  t at  c ca 4 ( ^ 0

a q a g c a a a a t . a a t a t t  t c t  c c a t  11 a t  t  ca a a t c a t t t a q q a g c a t c a t a q 1.1 t t a a r  a t A 680

a t q g g c c t t q c a c q t a t c t t a a a t t  t a t  c t c t a g g c a t t t t a q q t  t  q t  t  c a g t t  qt  t ct  t A MO

q t g a a t g q q a L c t t t l t c t c c a a a t  a q g a t t a t t q t t q a t a t  c t g t  t q a t t a t g t .  t a a c t 4 800

t t g t a q t t t c t q a c t t t a c t g a a c t q t c t t c t t a g a t c t a a t a c t c t t t t c a a 1.11. c a t c 4 86 0

a t a l a t t t c t c a t t c c t a t t t t q t t t g q g g t t t t t a g g g c g g q a a t  a t  t  a a e g q q a t a a q 4 9? 0

a q a g a c a a a a g a a a a t c t q q a a a a a c a a t  t c a t t t t a c c t t a c a t t q c t t g t g a t t a c t a 4 980

c c a c a c t a t t a c t q g g t t q g a a a a a a t t g t q a a a t  c c c a a q q t  q c c t  aat. a a a t q q q a q q b 0 4 0

t a c c t a a g t g t t c a t t t a a t q a a t t q t a a t q a t t a t t q g a a t  11 c t  c t  1 1 caqTGAGAAG b 1 CO

CTCTTCATGG AGATGGCAGA GCTCATGGTC TCAGAAGGCT GGAAGGATGC AGGTTATGAG 8 160

TACCTCTGCA TTGATGACTG TTGGATGGCT CCCCAAAGAG ATTCAGAAGG CAGACTTCAC b ? ? 0

GCAGACCCTC AGCGCTTTCC TCATGGGATT CGCCAGCTAG CTAATTATgt qaqt .  11 a t  aq b?B0

a t a a t q t t c t t g l t c a l t c a g a q g a c t g t  a a q c a c t t  c t g t a c a g a a g c t t q t t t a q a a a b 34 0

c a g c c c t c a t g g c c g q g c g t g g t  g g c t  c a c g c t g t a a t  c c c a a c a c t  11 g g g a g g c c g a g b4 00

g c g g g t g g a t c a c c t  g a g g t c a a g a g t t c a a g a c c a g c c t g g c c a a c a t g g t g a a a c c c c b 4 60

a a c t c t a t t a a a a g t a c a a a a a a t t a g c t g g g c a t g g t g g t g a a c g c c t  g t a a c c c c a g c : bb?C

t a c t t g g g a g g e t g a g g c a g g a g a a t c g c t t g a a c c c a g g a g g t g g a a g t 11 c a g t  g a g e b b 8 C

t g a g a t c a c g c c a t  t g c a c t c t a g c c t g g g c a a c a a a a g a g a a a c t c c a t c t c a a a a a a a b 64 0

a a a a c a a g q a a a a a a a q a a a c a q c c c t  c a t q a c a c t t a q a a a q t a q a a t a q c t q q c t q t t b 7 0 0

a t c t g a a c a t t g a a t t g t a a g g c t t a t c a q g t q q a c t t t g c a t t c c a t c a q c a q a c a a  11 b760



54

t t t t t t t t t t t t t t t t t t  t q a g a t g g a g t c t c a t  t  c t  g t  c t c c c a g g c t  g g a g g g c a g t g 5 87 0

g t g c g a t c t c q q c t c a c t g c a a g c t  c c a c c t  c c t g g g t  t  c a t  g c c a t  t  c t c c t  g c c t ca g 5 8 8 0

c c t c c c a a g t a g c t q q q a c c a c a g q c a c c c g c c a c c a t g c c c a g t t a a t  t 111 t g t a t  1 1 5 9 4 0

11 a g t a q a q a c g q q g t 1 1 c a c c a t q t t a g c c a a g a t g g t  c t c q a t c t c c t q a c c t c g t  g a 6 00 0

t  c c q c c c a c c t  c g g c c t  c c c a a a g t  g e t  gg g a t  t a c a g g c a t  g a g c c a c c g c g c c t  a g e e 6 0 6 0

t a c a a a t g t t t t g t a a t a q c t e t t g a g g e e c a t c t t g q a g t t c t c c t t t .  t g e t  a a a a c c a 6 1 7 0

c t g a a c t c t  c t a g g a q g a a a a a g q a a c t t g g t t c t t g a c a t a t . q t q t . g c a t g t a t t t c c a 61B0

t a t  a ac r c t t  t a g g a a g c t a t t g c a a t g g t a c t a t a a a c t a q a a t t t t a g a a g a t  a g a a g g 6 7 4 0
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g c t a g c t t t c t c c t c a g t t c t g g g c t a t a g c t c a c a t g c c t a g t t t g a a c t  a g c t  c a g c a 7080

g a a c t g g g g g a t t t a t t c t t t g t c t t c c a a c a a a c t c a t c t g g a t g a t  1 1 t g g g g q t t t g 7 14C

t g g g g a a a a g c c c c c a a t a c c t g g t g a a g t a a c c t t g t c t c t  t  c c c c c a g c c t g g a a t g g 7700

t t c t c t c t t t c t q c t a c c t c a c q a t t g t g c t t c t a c a a t g q t g a c t c t t t t  c c t  c c c t  c t 7 7 60

c a t  1 1  caq GT TCACAGCAAA GGACTGAAGC TAGCGATTTA TGCAGATGTT GGAAATAAAA 7 170

CCTGCGCAGG CTTCCCTGGG AGTTTTGGAT ACTACGACAT TGATGCCCAG ACCTTTGCTG 7 18 0

ACTGGGGAGT ACATCTGCTA AAATTTGATG GTTGTTACTG TGACAGTTTG GAAAATTTGG 7 4 4 0

C AGAT Ggt aa t g t t t c a t t c c a g a g a t  1 1 a g c c a c a a a g g a a a g a a c t  1 1 g a g g c c a t g g 7500

t  a g c t g a g c c a a a g a a c c a a t c t t c a g a a t t t t a a a t a c c c t g t c a c a a t a c t g g a a a t  a 7 560

a t t a t t c t c c a t g t g c c a g a g c t c c c a t c t c t t c t c t t t c a g t t c a t t a a t t a a t t a a t t '7 62 0

a a t t c a t g t a a a a t c c a t g c a t a c c t a a c c a t a g c t a a t a t t g t g c a c t t a t a a t t c a a q 7 68 0
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a g g g c t c t a a  g a g t t a a t t a  g t a a t t g t a a  c t c t c t a t a a  c a t c a t t t a g  g g g a g t c c a g  7 7 4 0

g t t g t c a a t c  g g t c a c a g a g  a a a g a a g c a t  c t t c a t t c c t  g c c t t t c c t c  a a t a t a c a c a  7 9 0 0

c c a t c t c t g c  a c t a c t t c c t  c a g a a c a a t c  c c a g c a g t c t  g g g a g g t a c t  t t a c a c a a t t  7 86 0

t a a g c a c a g a  g c a a c t g c c t  g t c c c t g c t g  c t a g t t t a a a  c a t g a a c c t t  c c a g g t a q c c  7 920

t c t t c t t a a a  a t a t a c a g c c  c c a g c t g g g c  a t g a t q g c t c  a t g c c t g t a a  t r c t a g c a c t  /9RC

t t g q g a g g c t  g a q g c g g g t g  q a t t a c t t q a  g q t c a g q a g t  t c q a q a c c a c  c c t g q c c a a c  8 0 4 0

a t q q t q a a a c  c c c a t c t c t a  q t a a a a a t a c  a a a a a t t a g c  t g a c t t t q q t  g g c a c a t g c c  8 1 0 0

t g t a a t c c c a  g c t a c t t g q q  a a g c t g a g a c  a q a a q a q t c a  c t t q a a c c t q  q g a a a c a q a q  8 1 6 0

g t t q c a q t g a  g c c a a g a t c q  c a c c a c t q c a  c t c c a c c c t g  g a t q a c a g a c  t q a a c c c c a t  8 2 2 0

c t c a a a a a a t  t a a a a t a a a a  t a a a a t a a a a  t a a c t a t a t a  t a t a g c c c c a  g c t g g a a a t t  8 2 8 0

c a t t t c t t t c  c c t t a t t t t a  c c c a t t g t t t  t c t c a t a c a g  GTTATAAGCA CATGTCCTTG 8 3 4 0

GCCCTGAATA GGACTGGCAG AAGCATTGTG TACTCCTGTG AGTGGCCTCT TTATATGTGG 8 4 0 0

CCCTTTCAAA A G g t g a g a t a  g t g a g c c c a g  a a t c c a a t a g  a a c t q t a c t g  a t a g a t a g a a  8 4 6 0

c t t q a c a a c a  a a q g a a a c c a  a q q t c t c c t t  c a a a g t c c a a  c g t t a c t t a c  t a t c a t c c t a  8 b 2 0

c c a t c t c t c c  c a g g t t c c a a  c c a c t t c t c a  c c a t c c c c a c  t g c t g t a a t t  a t a q c c t a a g  8 b 8 0

c t a c c a t c a c  c t g g a a a g t c  a t c c t t g t g t  c t t c c c c l t t  a t t t c a c c a t  t c a t g t c c t g  8 6 4 0

t c i a t c a a c a  g t c c t t c c a c  c a g t a t c t c l  a a a a t a t c t c  c t g a a t c a g c  c c a c t t c c t t  8 7 0 0

c c a t c t t c a c  t a c a t g c a c c  c t g g c c t t c c  a a g c t a c t a t  c g g c t c t c a a  c c a g a c t g c t  8 / 6 0

g g g a c c a c c t  g a t c t c t c t g  c t t c c a c t c t  g t c t c a a c c c  c c a t c t a t t t  t c c a a g c a g c  8 8 2 0

a c t a g a g t t a  t c a t a t t a a a  a t g t a a a t a t  c a g t t t t t t t  t t t a a a g a a a  a a a a c c c t g a  8 8 8 0

g a c t t a a c a g  a g t t a t a a a a  a a t a t a a a t g  t c a t c a t c a g  t t c c c t g c t t  a a a a c c c t t a  8 9 4 0

a c t c g c t t c c  a a t t g c a c t t  g g a a t g a a a c  c a a a c t g c a c  t g a t c c a g c c  c l t g c c t q c c  9 0 0 0

t c c c c a a a g t  c c a a g g g g t c  a t g g c t c t t t  c c c t g g c t a c  a c t g g t l t l c  t t t c t g t c c c  9 0 6 0

t c a a c a c t g c  a a g c c t a l t g  c t g c c c c a g g  g c c t t t a c a c  t t g c t t t t t t  t c t g c c t a g a  9 1 2 0

a c a g t t c t t c  c c c a a a g a t t  t t t a a a g g g c  c g g g c t c c t t  a a c a t t g a a g  L c g c a g a c c a  9 1 0 0

a a c g c c a c a t  a t g c a g a c a g  t t c t t c t c t a  a c t a c t t t a a  a a t a g c c c t c  t g t c c a t t c a  9 2 4 0

t t c t t c a t c a  c a t t a a c c t g  t t t a a t t t t c  t l c t c a g a g c  L c c a c a c t a t  t l g g a a g t a t  9 3 0 0

t t g t t g a c t t  g t t a c c a t g t  c t c c c c a c t a  g a g t g t a a g t  t t c a t g a g g g  c a g g g a c c t t  9 3 6 0

g t c t g a c t t t  g a c t g t a t c t  c t c g c a t a t g  g t t a a g t g t l  a a a t a g t t a t  t t a t g g a a t g  9 42 0

a a t c c c t a t t  a t t c c c t ' - a t  t a t c t c t g c a  a a a t a g t c l t  t t t t c t c a a c  a t c t t a a a c c  9 4 8 0

t g a t a t c c c a  c c t q c c t a t c  t a c a a a c t t t  t t t t t t q c q a  c a g a g t c t c a  c t g t c a c c c a  9 b 4 0

g g c t a g a g t g  c a g t g g c g c c  a t c t c g g c t c  a c t g c a a c c t  c c q c c t c c c g  g g t t t a a g c q  9 6 0 0
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a t 1 c t c t t g c c t c a g c c t c c c a g t a g c t g g q a t t a t  a q g c g t g c g c t a c c a c a t c t g g c t 966C

a a t t t t t g t a t t t t t a g t a q a q a t q q t 1 1 c a c c a t g t t g q c c a g g c t t g t c t c q a a c t  c c 9 77 0

t q a c c t c a g a t q a t c c a c c t q c c t  c g g c c t c c c a a a q t g c t g g g a t t a c a g g c a t g a g c c 97B0

a c c q t q c c c a g c c t c t  a c a a a c t t t t t a t t c c a t t a a c a a a c t a t a t q c t q q q a t t t a a q 9 84 0

t t t t c t t a a t a c t t q a t q q a q t c c t a t q t a a t t t t c q a q c t t t t a a t t t t a c t a a q a c c a 9 9 0 0

t t t t a g t t c t q a t t  a t  a q a a q t a a a t t a a c t t t a a q q q a t t t  c a a q t t a t a t q q c c t a c t 9 9 6 0

t c t q a a q c a a a c t t c t t a c a q t  q a a a a t t c a t t a t a a q q q t t t a q a c c t c c t t a t q q a q a 1 0 0 7 0

c q t  t  c a a t c t q t  a a a c t  c aa q a q a a q q c t a c a a q t q c c t  c ct  t . t a a a c t q t t t t c a t c t c 1 0 OH 0

a c a a q q a t q t t  a q t  a q a a a q t a a a c a q a a q a q t c a t a t c t q t t t t c a c a q CCCAATTATA 1 0 1 4 0

CAGAAATCCG ACAGTACTGC AATCACTGGC GAAATTTTGC TGACATTGAT GATTCCTGGA 1 0 7 0 0

AAAGTATAAA GAGTATCTTG GACTGGACAT CTTTTAACCA GGAGAGAATT GTTGATGTTG 1 0 7 6 0

CTGGACCAGG GGGTTGGAAT GACCCAGATA T G qt  a a a a a c t t g a g c c c t c c t t q t t c a a q 1 0 37 0

a c c c t q c q q t . a q q c t t  q t 1 1 c c t a t t t t q a c a t  t  c a a g q t a a a t a c a q q t a a a q t t c c t . q 1 0 3 H 0

q q a q q a q q c t 11 a t g t  q a q a q t  a c t  t  a q a q c a q q a t q c t  q t q q a a a q t q q t t t c t c c a t a 1 044 0

t q q q t c a t  c t a q q t a a c t t t a a q a a t q t t t c c t c c t c t c t t g t t t q a a t t a t t t c a t t c t 1 0 5 0 0

t t t t c t c a q T TAGTGATTGG CAACTTTCGC CTCAGCTGGA ATCAGG AAGT AACTCAGATG 1 0 5 6 0

GCCCTCTGGG CTATCATGGC TGCTCCTTTA TTCATGTCTA ATGACCTCCG ACACATCAGC 1 0 6 7 0

CCTCAAGCCA AAGCTCTCCT TCAGGATAAG GACGTAATTG CCATCAATCA GGACCCCTTG 1 0 6 8 0

GGCAAGCAAG GGTACCAGCT TAGACAGqta a a t a a q a q t a t a t a t t t t a a g a t g g c t t t a 1 0 7 4 0

t  a t  a c c c a a t a c c a a c t  t t q t  c t  t q q q c c t a a a t c t a t t t . t t t t c c c t t q c t c t t q a t q t 1 0 8 0 0

t a c t  a t  c a q t a a t a a a q c t t c t t q c t  a q a a a c a t t a c t t .  t a t  t t  c c a a a a t a a t q c t a c a 1 0 8 6 0

q q a t c a t t t t . a a t  t t t t  c c t a c a a g t q c t .  t q a t  a q t  t  c t q a c a t t a a q a a t q a a t q c c a a 1 0 9 7 0

a c t a a c a q q q c c a c t t a t c a c t  a q t  t q c t  a a q c a a c c a c a c t t t c t t q q t t t t t c a g G G A 1 0 9 8 0

GACAACTTTG AAGTGTGGGA ACGACCTCTC TCAGGCTTAG CCTGGGCTGT AGCTATGATA 1 1 040

AACCGGCAGG AGATTGGTGG ACCTCGCTCT TATACCATCG CAGTTGCTTC CCTGGGTAAA 1 1 1 0 0

GGAGTGGCCT GTAATCCTGC CTGCTTCATC ACACAGCTCC TCCCTGTGAA AAGGAAGCTA 1 1 160

GGGTTCTATG AATGGACTTC AAGGTTAAGA AGTCACATAA ATCCCACACC CACTGTTTTC 1 1770

CTTCAGCTAG AAAATACAAT GCAGATGTCA T T A A a a q a c t t a c t t t a a a a t q t t t a t t t t 1 1780

a t t q c c a a c t a c t a c t t c c t q t  c c a c c t  1 1 t t c t c c a t t c n c t t t a a a a g c t  c a a q q c t  a 1 1 3 4 0

q q t q q c t c a t g c c t q t a a t c c c a g c a c t  1 1 g g g a g g c t g a g g c g g g c a g a t c a c c t g a g g 1 1 40 0

t  c g g q a c t 1 1 q a g a c c c q c c t g g a c a a c a t g g t g a a a c c c c a t t t c t a a t a a a a a t a t a a 1 1 46 0

a a a t t a g c c a g g t g l g g t g g c g c a c c t g t g g t c c c a g c t a c t c t g g g g g c t g a g g c a t g a 1 1 57 0
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g a a t c g c t t g  

g c c t g g g c a a  

c c t g g a a t c c  

a g a c c a g c c t  

g t a t g g t g g c  

g a a c c c g g g a  

c a a c a g a g c a  

a a q t t t a a a c  

c c c t t g t t g a  

a a a c a t c a t t  

g c c t  g t  a a t  c 

g a c c a l c c t g  

c a q g t .  g g c a g  

a c c t  g g g a g g  

a c g a g c a a c a  

a g a g q c a t  t.1

a a c c c g g g a g  

c a a a g a 11 cc  

c a g c a c t  11 1  

g g c t a a c a t a  

g a g c t  t  c t  g t  

a q t q q q q q q q  

a g a c t c c a t c  

t t t a g g a a t a  

g a t . t c t . c t c c  

a a g a c t g a a a  

c c a a c a c t  11 

g c c a a c a t  gg  

g c a c c t  g t a a  

c a g a g g c t  gc  

ct  c c a t  ct  ca  

t  a a a g a

t  g g a g g t t  gc  

a t  c t  c a a a a a

g g a a g c t  g a g  

g t  a a a g c c c t  

a g c c c c a g c t  

t g c a g t  g a c c  

t c a a a a a a a a  

a a a c t a t t a a  

c a a t t a t c a a  

t g t a t t a a g a  

g g g a g g c c a a  

f g a a a c c c c c  

t c c c a g c t a c  

a g t  g a g c t  ga  

a a a a a a g a a a

a t  t  g a g c t  ga  

a a a a a a a a a a

g c a g g c a g a t  

g t  c t  c t a c t a  

a c t c a g g a g a  

c a a g a t c a c g  

a a g t t c t a t t  

a c c c g t a t t t  

a a t g t g t a g c  

a g g a t g t a t a  

gt  c g g g c g g a  

t c t  c t a c t .  a a 

t c c a g a g g c t  

g g t t  g t  a c c a  

a a a a a a a a g a

g a t c a t g c c a  

g c c a g g c a c a  

c a c t t g a g g t  

a a a a t a c a a a  

c t  g a g g c a g g  

c c a c t g c a t  t 

t  c c t  t g a a t  a 

a c t c a t c c a g  

a t a t t t a a c t  

g g c c a g g c a c  

t c a c g a g g t  c 

a a a t  a c a a a a  

g a g g c a g g a c  

a t  t g c a c t  c c  

t q t  a t  a a t  11

c c t  c a c t  c ca  

g t g g c t c a t  g 

t a g g a t  t  t e a  

a a t  t  a g c c a g  

a g a a t  c a c t  t 

c c a g c c t  ggg  

a a a t  t  t t  c c g  

a t a c c c a c c c  

a c c a a g a g c t  

g g t  g t  c t  c a c  

a q g a g a t q g a  

a 1 1 a q c c a g g  

a a t  c a c t  t ga  

a g c c t  a g g t  a 

q q a a c t q t t a

1 1 5 0 0  

1 1 6 4 0  

1 17  0 0 

1 1 7 6 0  

1 1 8 2 0  

1 1 8 8 0  

1 1 9 4 0  

1 2 0 0 0  

1 2 0 6 0  

1 2 1 2 0  

12  1 8 0  

1 2 2 4 0 

1 2 3 0 0  

1 2 3 6 0  

1 2 4 2 0
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ABSTRACT

Six a-galactosidase A gene rearrangem ents that cause Fabry disease were 

investigated to assess the role of Alu  repetitive elements and short direct and/or inverted 

repeats in the generation of these germinal mutations. The breakpoints of five partial gene 

deletions and one partial gene duplication were determ ined by either cloning and 

sequencing the mutant gene from an affected hemizygote, or by PCR amplifying and 

sequencing the genomic region containing the novel junction. Although the a-galactosidase 

A gene contains 12 Alu repetitive elements (representing -30%  of the 12 kb gene or -1 

A lu /1.0 kb), only one deletion resulted from an Alu-A lu  recombination. The remaining 

five rearrangem ents involved illegitimate recombinational events between short direct 

repeats o f 2 to 6 bp at the deletion or duplication breakpoints. O f these rearrangements, 

one had a 3' short direct repeat within an Alu  element, while another was unusual having 

two deletions of 1.7 kb and 14 bp separated by an 151 bp inverted sequence. These 

findings suggested that slipped mispairing or intrachromosomal exchanges involving short 

direct repeats were responsible for the generation o f most o f these gene rearrangements. 

There were no inverted repeat sequences or alternating purine-pyrimidine regions which 

may have predisposed the gene to these rearrangements. Intriguingly, the tetranucleotide 

CCAG and the trinucleotide CAG (or their respective complements, CTGG and CTG) 

occurred within or adjacent to the direct repeats at the 5’ breakpoints in three and four of the 

five a-galactosidase A gene rearrangements, respectively, suggesting a possible functional 

role in these illegitimate recombinational events. These studies indicate that short direct 

repeats are important in the formation of gene rearrangements, even in human genes like a- 

galactosidase A that are rich in Alu repetitive elements.
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1 INTRODUCTION

In man, studies o f the illegitim ate recom binational events which cause gene 

rearrangem ents have focused on the m olecular characterization of 1) som atic 

rearrangements in the immunoglobulin loci in B- or T- cell leukemias and lymphomas, and 

2) germinal rearrangements in various genes which cause inherited diseases (for review, 

see 1). Most o f the germinal gene rearrangements described to date have been deletions, 

however, several duplications and a complex deletion-inversion have been reported (e.g., 

2-4). Insights into the origin of these rearrangements have been derived from the molecular 

analysis of their novel junctions. To date, the breakpoint junctions o f about 45 human 

germinal gene rearrangements have been determined. Over half of these rearrangements are 

in the a- and fFglobin gene clusters (4-17) and eight are in the LDL-receptor gene (2, 18- 

24). The remainder include genes in which only one or two germinal rearrangements have 

been characterized at the molecular level (e.g., 25, 26). These studies have revealed the 

occurrence o f breakpoint clusters or "hot spot regions" in specific genes (6, 27), the 

frequent involvem ent of the A lu  fam ily o f short interspersed repetitive elem ents at 

breakpoint junctions (especially the Alu  RNA polymerase III promoter region, 2, 21), and 

the presence of short direct repeats o f 2 to 7 nucleotides at rearrangement termini (e.g., 5, 

26).

Although only a few human genes have been investigated intensively, a notion has 

evolved that germinal rearrangements in genes enriched in Alu  repetitive sequences have a 

propensity for breakpoints in these elements, whereas genes in which Alu  repeats are less 

frequent tend to have rearrangement breakpoints involving short direct or inverted repeats. 

For example, in the Alu -rich LDL receptor gene (21 Alu monomers or dimers identified to 

date in 38 kb or ~1 A lu /1.8 kb, H.H. Hobbs, pers. com m un.), six o f the eight 

rearrangements had both breakpoints in Alu  repetitive elements, while a seventh had a
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single breakpoint in an Alu repeat (2, 18-24). O f the four analyzed deletions in the -4 0  kb 

a-globin gene cluster (which contains 16 Alu  repeats or -1  Alu/2.5 kb), one involved an 

Alu-Alu recombination, while each of the others had a breakpoint in an Alu element (6). In 

contrast, of the 20 sequenced rearrangements in the 60 kb p-globin gene cluster (which has 

8 A lu  elem ents or -1  A/m/7.5 kb), there were no rearrangem ents due to A lu -A lu  

recombination and only three deletions (or -15% ) had a breakpoint in an Alu sequence (4, 

5, 7-17). Based on these Findings, it might be expected that rearrangements in genes 

enriched with Alu  sequences would frequently result from illegitimate recombinational 

events involving these repetitive elements. However, further understanding of the nature 

and frequency o f the events that cause germinal rearrangements in man requires the analysis 

o f rearrangement junctions in additional genes.

The isolation and characterization o f the full-length cDNA and entire genomic 

sequence encoding a-G al A has facilitated the identification and analysis o f gene 

rearrangements causing Fabry disease. Notably, the genomic sequence contains 12 Alu 

repetitive elem ents dispersed among its six introns and 3' flanking region, representing 

about 30% of the gene or -1  A lu /1.0 kb. Previous studies o f 130 unrelated Fabry families 

revealed six different germinal rearrangements o f the a-Gal A gene (28). O f these, five 

were partial deletions which ranged in size from 0.4 to at least 4.8 kb, while the sixth was a 

partial duplication o f 8.1 kb. None o f these gene rearrangements expressed a functional 

mRNA and no a-Gal A activity was detected in affected males (28). Interestingly, four of 

the five deletions had a breakpoint that mapped within intron 2, a region that contained 

three A lu  elem ents. In this chapter, the precise characterization o f these six germinal 

rearrangements which were analyzed by cloning and sequencing the mutant gene from an 

affected hemizygote or by polymerase chain reaction (PCR) amplification and sequencing 

o f the genomic region containing the breakpoint junction is described. Notably, only one 

rearrangement was the result of an Alu-Alu  recombinational event, even though the gene
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was enriched with these repeat elements. Instead, five of the rearrangements had short 

direct repeats flanking the deleted or duplicated sequences. Among these, certain tri- and 

tetra- nucleotides occurred more frequently than expected within or immediately adjacent to 

the 5' breakpoints, but not in or near the 3' breakpoints.

EXPERIMENTAL PROCEDURES

Materials— Restriction endonucleases, the Klenow fragment of DNA polymerase 

I, T4 polynucleotide kinase, M l3 cloning vectors and universal sequencing primers were 

purchased from New England Biolabs. T4 DNA ligase and pUC vectors were from 

International Biotechnologies Inc. SP6 and T7 promoter primers and pGEM4 DNA were 

obtained from Promega. Taq  polymerase was purchased from Cetus. DNA synthesis 

reagents and p-cyanoethyl-diisopropylphosphoramidites were from Applied Biosystems 

and radioisotopes were from Amersham. The A.EMBL3 vector and the Gigapack in vitro 

packaging system were obtained from Stratagene. The GemSeq Klenow System was from 

Promega and Sequenase was purchased from United States Biochemical Corp.

Genomic Cloning—  High molecular weight DNA was isolated from cultured skin 

fibroblasts o f  an affected hemizygous male from Fabry Family A and from cultured 

lymphoblast lines o f affected hemizygotes from Families B and J (29). The DNA was 

partially digested with M bol, size fractionated in a 0.9%  agarose gel and 13-22 kb 

fragments were ligated into the XEMBL3 replacement vector (30) which had been digested 

to completion with B am \\\ and EcoRI, and then packaged with the Gigapack Plus extracts. 

The unamplified libraries were screened in E. coli strain K802 using the nick-translated 

full-length a-G al A cDNA insert pcDAG126 after transfer to nitrocellulose filters (31). 

Recombinant clones containing the rearranged alleles were obtained from the respective 

library and were mapped by restriction analyses. Following electrophoresis in agarose,
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fragments containing the deletion junctions were isolated and subcloned into M 13 or pGEM 

vectors for sequencing.

Amplification o f  deletion/duplication junctions— DNA sequences that flank the 

rearrangem ent junctions in Fabry Families D, E and F were amplified by the PCR 

technique (32). Sense and antisense primers containing restriction endonuclease cleavage 

sites and an additional 6 to 8 nt S' to the restriction sites (to facilitate enzymatic cleavage) 

were synthesized on an Applied Biosystems Model 380B DNA synthesizer. For Fabry 

Family E, a 433 bp region containing the deletion junction was amplified. The sense 

primer (5'-TCTTGCTAAAGCTTCATGTACTTAA-3') corresponded to 25 nt of intron 2 

(nt 6750-6774) and contained a unique HindlU  restriction site. All numbered coordinates 

refer to nucleotide positions in the normal a-Gal A gene (Fig. 1, Chapter 2). The antisense 

primer (5'-ACGTACGTGAGCTCTGGCACATGGA-3') was complementary to 17 nt of 

intron 3 (nt 7568-7584) and contained a Sacl restriction site. For Family F, amplification 

o f a 793 bp region containing the recombination junction was accomplished using a sense 

primer (5'-ACTACTGAGCTCTTGAGGCCCATC-3') constructed to 17 nt o f intron 2 (nt 

6078-6094) with an additional 7 nt that established a S a d  site, and an antisense primer (5'- 

ACTACTGAATTCGTTTAAAGGAGGCAC-3') complementary to intron 4 (nt 10054- 

10070) which also contained an EcoRI site. Using DNA isolated from a Family D 

hemizygote, a 1.4 kb region surrounding the duplication junction was amplified using a 

sense 30-mer (5’-ACTACTGAGCTCTGGGTCATCTAGGTAACT-3') constructed to 18 

nt o f intron 5 (nt 10441-10458) and containing a Sacl recognition sequence, and an 

antisense 30-mer (5-ACTA CTG AA TTCA TTAG AA TAA GA ATA CA C-3) which was 

complementary to 19 nt of intron 1 (nt 3771-3789) and had an EcoR\ restriction site.

Genomic DNA from affected hemizygotes was amplified by a modification of the 

method of Saiki et al. (32). Briefly, the amplification mixtures contained 1 pg o f genomic 

DNA, 50 mM KC1, 10 mM Tris-HCl, pH 8.3, 1.5 mM MgCl2, 0.01% gelatin, 200 pM
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each of dATP, TTP, dGTP, dCTP and 1.0 pM each o f sense and antisense primers in a 

reaction volume of 100 pi. Each reaction mixture was incubated initially at 94 °C for 7 min 

followed by the addition o f 2.5 U of Taq  polymerase. Thirty amplification cycles of 

denaturation at 94 °C for 1 min, nonstringent annealing at 37 °C for 2 min and extension at 

60 °C for 5 min were performed with the Perkin-Elmer/Cetus Thermal Cycler. After 

amplification, the authenticity of each PCR product was verified by Southern hybridization 

to 17-mers synthesized to genomic sequences internal to the amplification primers. The 

products were then cleaved with the appropriate restriction endonucleases and subcloned 

into M13 m pl8 and m pl9  vectors (33).

DNA sequencing— The single-stranded M l3 DNA tem plates containing the 

rearrangem ent junctions were sequenced in both orientations by the dideoxy chain 

termination method o f Sanger (34) using universal M13 primers or synthetic oligomers 

constructed to a-G al A sequences. Sequences were determined from multiple clones to 

control for the possible misincorporation o f nucleotides by Taq  polymerase. Plasmid 

template DNA was isolated by the rapid boiling method of Wang et al. (35). Double­

stranded sequencing o f plasmid DNAs in both orientations was accomplished using the 

Gem Seq Klenow System or Sequenase according to the m anufacturers’ instructions. 

Nucleotide sequences were aligned using an IBM AT com puter with the M icrogenie 

program (Beckman).

RESULTS

Characterization o f  a-Gal A gene rearrangements—  The structure o f the normal 

a-Gal A gene and the positions of the five previously identified partial gene deletions and 

the partial gene duplication are shown in Figure 1. Since the locations o f the 5' or 3' 

breakpoints in Families A, B and J were not identified by restriction analyses using the full-



65

P S  S H  H S P P  S  P H  S  P

I 1 1 T^- !-------1 1 P ~ I— ‘ | —1-VJ  I 1-- 1—^ ------1 1 LT“J—|--- 1
-2 0 2 4 6 8 10 12 14 kb

Alu: 1 - 4  5 - 7  8 9 10-12

— J— q q - o H x K i i  oj  q I H do o -

Exon: 1 2 3 4 56 7

Family F

I------------------- 1
3.2 kb

Family E Family J

H  I 1
0.4 kb 1.7 kb

Family A Family B

I---------------------------- 1 I-------------------------- 1
4.6 kb 4 .5  kb

Family D

 ̂ 8.1 kb ^

Figure I . The structure o f  the a-Gal A gene and the locations o f  six intragenic 
rearrangements causing Fabry disease. The a-Gal A nucleotide sequence 
coordinates as numbered for the entire 12,436 bp sequence (Chapter 2, Fig. 1) 
and Hindlll (H), Pvull (P), Sacl (S) restriction maps are shown. Exons 1 
through 7 are represented as solid rectangles and the positions and orientations 
of the 12 Alu repeat elements are indicated by pentagonal figures. The locations 
and lengths o f the deletions in Fabry Families A, B, E, F and J and the 
duplicated region in Fabry Family D are shown.



6 6

length cDNA as a probe, the m utant alleles were isolated from genom ic libraries 

constructed in XEMBL3 with DNA obtained from cultured cells o f an affected hemizygote 

from each family. In Fabry Families D, E and F, sequences flanking the deletion or 

duplication junctions were PCR-amplified from genomic DNA of affected hemizygotes. 

Sequencing o f  the novel breakpoint junctions revealed that all six a-G al A gene 

rearrangements were intragenic (Figs. 1-8). Interestingly, the rearrangement in Family J 

was complex involving two deletions and an inversion (Fig. 8). Four of the six gene 

rearrangements had one breakpoint in intron 2 which contains three Alu repetitive elements 

within a 1.3 kb region. However, only two breakpoints occurred in the intron 2 repetitive 

elements. In fact, o f the 14 rearrangement breakpoints, only three occurred within Alu 

repetitive elements. Fabry Family F had both breakpoints within Alu repetitive elements, 

whereas Family A had one breakpoint within an Alu repeat. The other rearrangements had 

short direct repeats at their breakpoint termini. Computer-assisted analysis of the entire a- 

Gal A genomic sequence for dyad symmetry by the SEQ program (36) predicted that stable 

secondary structures could be formed by a CT-rich sequence o f 84 bp in intron 1 (nt 1603- 

1686) pairing with a GA-rich region in the 5* flanking sequence (nt 626-692) and by Alu 

repeats in opposite orientations. However, there were no stable secondary structures (i.e., 

inverted repeats or dyads) or alternating purine-pyrimidine stretches (37) at or near the 

breakpoints that could have facilitated the formation of these rearrangements.

D eletion involving Alu-A lu recom bination— The breakpoints o f the 3.2 kb 

partial deletion in Fabry Family F were determined by sequencing a PCR-amplified region 

of genomic DNA which spanned from the first third of intron 2 into intron 4 (nt 6078- 

10070 in the normal gene) (Figs. 1-3). Sequence analysis o f the ~800 bp PCR product 

revealed that the 5' breakpoint was in the left arm of A lu  7 in intron 2, and the 3' 

breakpoint was in the left arm o f Alu  9 in intron 4 (Fig. 2, 3). Both Alu  7 and Alu  9 were 

in the antisense orientation, and both breakpoints were in identical 38 bp regions of their
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Figure 2. Nucleotide sequences across the breakpoint junctions in four partial deletions and 
the partial duplication o f the a-Gal A gene. Exonic sequences arc in uppercase, intronic 
sequences are in lowercase, and Alu repetitive sequences arc italicized. For each rearrangement 
(middle sequence), the corresponding normal 5' and 3' sequences are shown above and below, 
respectively. The nucleotides in the rearranged alleles arc in bold. Vertical lines indicate 
positions at which the sequences arc identical. The regions of homology at the crossover site in 
Fabry Family F and the short direct repeats present at the rearrangement termini in Fabry 
Families A, B, D and E arc boxed. The precise 5' and 3' breakpoints in Families D and E are 
indicated by arrows.
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Intron 4 : GGCCTCCCAAAGTGCTGGGATTACAGGCATGAGCCACCGTGCCCAG

Figure 3. Analysis o f  the deletion in Fabry Family F. The 3.2 kb partial gene deletion 
was identified by Southern hybridization studies and the breakpoints were mapped to 
introns 2 and 4 using several restriction endonucleases (28). TTie restriction map for 
P V lflI is shown (top). The deletion breakpoints indicated in the middle panel by broken 
lines were determined by sequencing genomic DNA from an affected hemizygote that 
was PCR-amplified using sense and antisense primers constructed to intron 2 and intron 
4 sequences, respectively. The deletion involved recombination between two similarly 
oriented Alu  repeat elements, one in intron 2 and the other in intron 4. The mutant allele 
and the DNA sequences in the Alu repeats at the breakpoints are shown below. Note the 
38 bp of identity shared between the two Alu sequences at the site of recombination.
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respective Alu  RNA polymerase III promoter (38). The mutant allele contained a complete 

novel Alu  element that presumably arose from an unequal cross-over in the 38 bp common 

region o f the two Alu  repeats.

Recombination involving short regions o f  homology— The mutant allele in Fabry 

Family A was isolated by screening a library of lx l0 6 recom binants constructed with 

genomic DNA from an affected hcmizygotc. The -ovc! 2.1 kb P'.'uW fragment, identified 

previously by Southern hybridization analysis (28), was subcloned into pGEM4 and 

sequenced. The 5' breakpoint was in exon 1 whereas the 3' breakpoint was in the right 

arm o f Alu 6 in intron 2 (Figs. 1, 2, 4). This partial deletion eliminated 4651 bp including 

179 bp o f exon 1, all of intron 1 and exon 2, and 577 bp of intron 2. The breakpoint 

junction was localized to the triplet, CCA, which was found at both the 5' and 3' deletion 

breakpoints (i.e., nt 1195-1197 in exon 1 and nt 5846-5848 in Alu 6), with only one triplet 

repeat being retained in the novel junction. The precise breakpoints o f this recombinational 

event occurred immediately 5', 3' or within these trinucleotide direct repeats.

The breakpoints o f the 4.5 kb deletion in Fabry Family B were identified by 

isolating the mutant allele from a genomic library o f 4 x 106 recombinants constructed with 

DNA from an affected hemizygote (Figs. 1, 5). The 2.5 kb Sacl fragment containing the 

deletion junction was subcloned into pGEM4 and sequenced with primers corresponding to 

selected regions o f intron 2. As shown in Figures 2 and 5, the 5' breakpoint was in intron 

2 and the 3’ breakpoint was in exon 7. The 4519 bp deletion eliminated 533 bp of intron 2, 

all o f exons and introns 3 to 6 and 277 bp o f exon 7. The direct repeat, AAG, was present 

at both deletion termini; however, only one AAG repeat was retained in the novel junction. 

The precise breakpoints occurred immediately 5', 3' or within these direct repeats.

The partial a-Gal A gene deletion in Fabry Family E was localized by restriction 

mapping to a region o f about 400 bp which included all o f  exon 3 (Figs. 1, 6). The
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Figure 4. Characterization o f  the deletion in Fabry Fam ily A. Restriction 
m apping of genom ic D N A from affected hem izygotes o f this fam ily revealed the 
absence o f the norm al a-G al A 6.9 kb PvuW fragm ent and the presence o f a new 
2.1 kb fragm ent, indicating a deletion o f about 4.8 kb (28). The deletion 
breakpoints w ere localized to exon 1 and intron 2 as indicated by the dashed lines 
in the m iddle panel. T o  determ ine the precise breakpoint junction , the m utant 
allele was isolated as described in the "M ethods". A putative positive clone was 
isolated and characterized by restriction analysis. The novel 2.1 kb PvuW  
fragm ent was subcloned into pGEM 4 and the breakpoint junction  was sequenced. 
The sequence across the deletion junction and the corresponding normal 
sequences are shown (bottom ). Note the CCA trinucleotide present at the 
deletion term ini.
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Figure 5. Fabry F am ily B Rearrangem ent. The 5' breakpoint in Fabry Fam ily B 
was m apped to intron 2 by Southern hybridization analysis, but the 3' breakpoint 
could not be determ ined using a-G al A cDN A as a probe (28). The precise 
breakpoints were identified by sequencing a clone obtained from a Fam ily B 
genom ic library. As shown by vertical dashed lines on the gene m ap, the 5' and 
3' breakpoints were localized to  intron 2 and exon 7, respectively. The 
rearranged allele is depicted below  follow ed by the sequences at the deletion 
junction.
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deletion breakpoints were determined by PCR amplification and sequencing o f the genomic 

region flanking the deletion (nt 6750-7584). The partial deletion was 402 bp and included 

183 bp o f intron 2, all o f exon 3 and 41 bp o f intron 3. The hexanucleotide direct repeat, 

AGAACT, was found at both the 5' and 3' deletion breakpoints (Figs. 2, 6). However, 

only the 5' repeat was retained in the novel junction; apparently the pentanucleotide, 

AGAAC, from the 3' direct repeat had been deleted by the recombinational event. The 

precise breakpoints occurred immediately after the T  in the 5' repeat and before the T  in the 

3' repeat to account for the presence o f the TTT sequence immediately following the direct 

repeat in the novel junction.

In Family D, Southern hybridization analysis identified an 8.1 kb partial a-Gal A 

gene duplication based on the presence o f unique 4.0 kb Sac  I and 5.5 kb PvuW fragments 

in addition to all of the normal restriction fragments (28). The partial duplication appeared 

to have resulted from a recombinational event between regions in introns 1 and 6 (Figs. 1, 

7). The regions flanking the putative duplication joint were PCR-amplified with primers 

corresponding to sequences in introns 1 and 5, resulting in a 1.4 kb PCR product. As 

shown in Figures 2 and 7, the sequence 5' to the recombinational joint was identical to that 

of exon 6 up to the breakpoint at position 10706; the sequence 3' to the breakpoint was 

identical to that of intron 1 beginning at position 2595. Thus, an 8,112 bp region o f the a- 

Gal A gene was duplicated including 2,500 bp o f intron 1, all o f exons and introns 2 

through 5, and 197 bp o f exon 6. At the duplication breakpoints there were short regions 

of homology, TAGACA and TAGATA, in exon 6 and intron 1, respectively. Since the 

duplication junction retained the sequence TAGACA, the precise breakpoint had to occur 

after the fifth or sixth base o f the hexanucleotide repeats.

Double deletion!inversion rearrangement— To determine the precise breakpoints 

o f the partial gene deletion in Fabry Family J, the mutant allele was isolated by screening a 

librarv o f 3.6 x 105 recom binants constructed with genomic DNA from the affected
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Figure 6. Characterization o f  the deletion in Fabry Family E. Restriction mapping of 
genomic DNA from an affected hemizygote revealed the absence of the normal a-Gal A 2.5 
kb Sacl fragment and the presence of a new 2.1 kb fragment indicating a deletion of 400 bp. 
In addition, the absence of the 4.2 kb HindIII fragment and the presence of a new 2.8 kb 
fragment localized the deletion to the region between the Hindlll and Sacl sites flanking 
exon 3 (28) indicated by the dashed lines. This region was amplified from genomic DNA of 
an affected hemizygote using sense and antisense oligonucleotide primers; the sense primer 
was constructed to intron 2 sequences and contained the unique Hindlll restriction site and 
the antisense oligo was complementary intron 3 and contained the Sacl restriction site. 
Following 30 cycles of PCR amplification, the product was digested with Sacl and Hindlll 
and subcloned into M l 3 vectors for sequencing. The sequences from a Family E 
hemizygote and a normal individual are shown. A region of 402 nt was deleted. As denoted 
by boxes, the hexanucleotide direct repeat, AGAACT was present at the 5* and 3’ 
breakpoints. Note the rearrangement in this family eliminated the 397 nt between the 
hexanucleotide direct repeats as well as 5 nt from the second repeat.
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Figure 7. Characterization o f the partial gene duplication in Fabry Family D. 
The presence of the unique 4.0 kb S a d  fragment and densitometric analysis of the 
fragments from the Family D hemizygotes and heterozygotes mapped the 
breakpoints to introns 6 and 1 (28). The recombinational event is shown 
diagrammatically. The region amplified by PCR and the information obtained 
from sequencing the PCR product is shown. Note, the imperfect hexanucleotide 
repeats at the duplication termini.
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hemizygote. The fragm ent containing the deletion junction was subcloned into M l3 

vectors and sequenced. As depicted in Figure 8A, the rearrangement was complex and 

involved two deleted regions: 1) a 16%  bp deletion (nt 10237-11932) eliminating 56 bp of 

exon 5, all o f  exon 6, intron 6, exon 7 and 664 bp o f the 3' flanking region, and 2) a 

deletion of 14 bp (nt 12084-12097) which was 3 bp upstream from Alu  12 (12101-12398). 

Notably, the 151 nt sequence (nt 11933-12083) between the two deleted regions was 

inverted in the rearranged allele (Fig. 8A and 8B). The dinucleotide direct repeat AC was 

present at both breakpoints o f the 1.7 kb deletion (Fig. 8B). In addition, the 

hexanucleotide direct repeat ATGTAT occurred at both breakpoints of the 14 bp deletion 

(Fig. 8C). In the novel junctions o f both deletions, only one copy of the respective repeat 

was retained. Interestingly, the inverted 151 bp sequence that separated the two deletions 

contained the AC direct repeat and the AT dinucleotide o f the ATGTAT direct repeat at its 

5' and 3' ends, respectively.

PCR am plification and sequencing o f the genomic region from the affected 

hemizygote which contained the deleted-inverted sequence confirmed the above findings 

and elim inated the possibility that the . nutant allele was further altered by library 

construction or subcloning procedures. In addition, efforts were directed to determine if 

the inverted sequence and/or the 14 bp deletion was present in genomic DNA from 

lymphoblasts o f the maternal grandfather (shown by RFLP analysis to be the source of the 

new mutation; K. Astrin and R. Desnick, unpublished results), since his a-G al A gene 

appeared normal as assessed by Southern hybridization analyses (28). Genom ic DNA 

isolated from the maternal grandfather was PCR-amplified using a sense primer from the 3' 

flanking region (nt 11286-11302) and primers in both orientations within the inversion (nt 

12056-12078). A PCR product was obtained only with the an tisense prim er 

com plem entary to the normal 3' flanking sequences, ruling out the presence o f the 

inversion. In addition, the matemal's grandfather's genomic DNA was amplified with the
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Figure 8. The complex a-Gal A gene rearrangement in Fabry Family J. (A) Schematic 
of the normal gene with exons 5 through 7 and Alu  repeat elem ents 9 to 12 indicated 
(above) and the Fam ily J rearrangement showing the locations o f the 1696 and 14 bp 
deletions, and the 151 bp inversion (below). The nucleotides are numbered according to 
the genomic sequence (Chapter 2, Fig. 1) and vertical dotted lines indicate the presumed 
breakpoints. (B) The nucleotide sequence of the Fam ily J rearrangem ent with the 
corresponding normal 5' and 3' sequences shown above and below, respectively. The 151 
bp inversion is shown by the long arrows below the sequence, and the nucleotides o f the 
14 bp deletion (A 14 nt) on both sense and antisense strands are indicated by dots below the 
deleted nucleotides. Direct repeats are boxed and the regions surrounding the 14 bp 
deletion are shown by bold underlines. Other symbols are as in Fig. 2. (C) Nucleotides 
surrounding the 14 bp deletion with boxed hexanucleotide direct repeats, and the 
breakpoints indicated by short arrows. The resulting deleted sequence on both strands is 
shown below. (D) Nucleotides surrounding the 1696 bp deletion and deduced 
breakpoints. (E) Alignm ent o f normal sequences (top) with the sequences from the 
inverted 3’ flanking region (below). Note the presence of dinucleotide direct repeats at 
both ends of the inversion as well as the region of homology between the 5' sequence and 
the nucleotides excised from the 14 bp deletion (bold vertical lines). It is possible that these 
excised nucleotides were looped out by misalignment o f the hexanucleotide direct repeats 
(Fig. 3C) and facilitated the juxtaposition o f the regions involved in this complex 
rearrangement.
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• • • c tg a a f t tg ta  t|t aa q a ag q î t  q t  a  ̂ g g c cm g ■ • • | -----------------A  1 C9C n t  ------------------ ^

^  ■ * ■ ACATCTCTTAACCAGGAGA.................. c c t  t qa .it a a . i a t t t t c c g a a g  ■

b ' - c tg a a a tg t  a ta g g c c a g -3 '

3 ' - q a c t t  ta c a  t a t c c q q t c - b '

10737 17098

E)  I  I
• • • GGACTGGACATCTTTrjOrAGGAG  1 849 n t . . . . q a t  q tC t k g g c c a g g c a •

I l l l l  ll I i I I
• • • t a t a c a t c c t t c t t a a t k c k t t t c a  134  n t  . . q q a a j l i t J r

17083 11933



78

above sense prim er and an antisense primer that included the 14 bp deletion at the 3’ end 

(5 -GCCTATACATCCTTCTTAAT-3'). These studies did not reveal the presence o f the 

inversion or the 14 bp deletion (data not shown).

DISCUSSION

Recent molecular studies have identified illegitimate Alu-Alu recombinational events 

as im portant causes o f germinal gene rearrangements in a variety o f human inherited 

disorders (6, 25, 27, 39, 40). O f the ten sequenced A lu -A lu  rearrangem ents, the 

breakpoints occurred primarily in the internal RNA polymerase III promoter region in the 

left arm o f the A lu  sequence, indicating that this region was predisposed to breakage 

possibly by a conformational change occurring during transcription (21). The fact that the 

human a-Gal A gene is particularly enriched for Alu repetitive elements (12 Alu sequences 

or -30%  of the 12 kb gene) suggested that unequal cross-over events between Alu  repeats 

might be the major type o f molecular lesion causing Fabry disease. However, only 5% of 

the 130 unrelated Fabry families analyzed had gene rearrangements (28), a frequency 

similar to those in other X-linked diseases involving genes of 10 to 186 kb (41-44). Initial 

restriction mapping of these six a-Gal A gene rearrangements revealed that four o f the five 

deletions had a breakpoint in intron 2 which contained m ultiple A lu  sequences (28). 

Knowledge o f the entire a-G al A genomic sequence permitted the characterization of the 

precise breakpoints in all six rearrangements. Each breakpoint in the intron 2 cluster 

occurred at a different site. Moreover, the Alu  sequences in intron 2 were involved in only 

tw o breakpoint junctions, and only the deletion in Fam ily F resulted from an A lu-A lu  

recombinational event with breakpoints in the polymerase III promoter regions of Alu 7 and 

Alu  9 (Figs. 1-3). This rearrangement may have been facilitated by the fact that there were 

38 identical nucleotides in the breakpoint regions, a high level of homology even among the
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Alu  family o f repeats (45). It is also possible that the alignment o f Alu elements in intron 2 

with oppositely-oriented Alu  sequences in this or in other regions could form structural 

intermediates which are prone to recombinational events.

In contrast, five o f the six gene rearrangements causing Fabry disease involved 

short direct repeats o f 2-6 bp (Figs. 2-8). The occurrence o f short direct and/or inverted 

repeats at the breakpoints o f gene rearrangements has been well-documented in both 

prokaryotic and eukaryotic systems (e.g., 5, 46-50). These studies indicated that the 

misalignment o f short direct repeats during replication or recombination was an important 

m echanism responsible for the generation o f gene rearrangements. In addition, short 

inverted repeats may be involved in the alignm ent and stabilization o f  structural 

intermediates in the deletion process (e.g., 50, 51). In man, short direct repeats of 2 to 7 

bp have occurred at the breakpoints in about 40% (17 o f 42) o f  reported germinal gene 

rearrangements (2-26, 39, 40, 52-56). In addition, short direct repeats have been found in 

three out of six human gene rearrangements in which one breakpoint occurred in an Alu  

sequence (6, 8, 11, 20), as was the case for the rearrangement in Fabry Family A.

The mechanisms proposed to account for the generation o f gene rearrangements 

involving short direct repeats include: 1) errors o f DNA replication by the "slipped 

m ispairing" o f direct repeats; 2) unequal crossing over between the short regions of 

homology on different chromatids; 3) intrachromosomal excision o f the region between 

aligned direct repeats releasing a circular DNA fragment, and 4) improper rejoining of DNA 

after double-stranded breakage events (for review, see 1). Among these possibilities, 

attention has focused on the "slipped m ispairing” mechanism as an important cause of 

germinal deletions and duplications since the short regions o f  homology may not be 

sufficient to promote the misaligning o f chromosomes for unequal crossing over during 

meiosis (5). As illustrated in Figure 9, slipped m ispairing can occur during replication 

when the DNA becomes single-stranded (5). Although single-stranded regions as long as



Normal Sequence
• • • TAGCTCAGdAGAACTGGGGG-------- / 3 8 9  n t / --------- G aAaGAACTTTTGAGGCCATGG •
• • • ATCGAGTCdT C T T G A E CCCC-------- / 3 8 9  n t / --------- C T lfrC T T G flA ACTCCGGTACC •

~~Gi
TGAGGCCATGG • 

.CTCCGGTACC ■

/ 3 8 9  n t /

XlT.1 ^
X&l "

T TG A G G C C A TG G • 
AACTCCGGTACC •

Family E Sequence
TAGCTCAGOftGAACITrTTGAGGCCATGG ■ • • 
ATCGAGTCCTCTTGMAAACTCCGGTACC • • •

Figure 9. Schematic representation o f the slipped mispairing mechanism for the generation 
o f the deletion in Fabry Family E (after 5). (A) Normal sequence with the hexanucleotide 
direct repeats indicated in boxes. (B) During replication, the two single-stranded repeat 
elements can mispair leading to the formation of a loop structure containing one of the 
repeats and the intervening sequence between the repeats. (C) To generate a deletion, the 
loop can be excised by DNA repair enzymes or would be eliminated after another round of 
replication. (D) Resulting Family E sequence with only a single repeat element retained 
adjacent to the deleted 402 bp sequence.
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100 kb have been reported in human cells undergoing replication (57), mispairing of direct 

repeats may occur between single-stranded stretches o f DNA separated by a double­

stranded area as proposed by Brunier et al. (58). Analogously, large duplications also 

could result from the slipped m ispairing o f direct repeats in single-stranded regions 

between stretches of double stranded DNA, if  the replication machinery was displaced to an 

upstream DNA sequence (58). This may be the mechanism responsible for the formation 

of the 8 kb duplication in Fabry Family D since imperfect hexanucleotide direct repeats 

flank the duplication breakpoints. Additionally, chromatin structure may bring distant 

termini close together. For example, Vanin et al. (8) proposed that four large deletions in 

the human |}-globin gent cluster arose from the loss of integral numbers of chromatin loops 

anchored to the nuclear matrix during DNA replication. Alternatively, it is possible that the 

duplication in Fabry Family D, in particular, as well as the deletions in Families A, B, 

and/or E, may have resulted from unequal crossing-over between the direct repeats on 

different chromatids during meiosis.

In contrast to the above a-Gal A gene rearrangements which could be explained by 

simple illegitimate recombinational mechanisms, the Family J rearrangement involving two 

deletions separated by an inversion presumably resulted from a more complex event(s) 

(Fig. 8A). Analysis of the Family J sequence provides insights into the possible origin of 

this rearrangement. As shown in Figures 8B and 8C, the hexanucleotide direct repeat 

ATGTAT occurred at both the 5' and 3' breakpoints of the 14 bp deletion. The precise 

breakpoint in these repeats (ATGT - AT) was deduced from the Family J sequence in 

which the 3' breakpoint o f the 14 bp deletion also was the 3' breakpoint of the 151 bp 

inversion. A lso note that the 5' breakpoint of the 14 bp deletion (in the antisense 

orientation) was joined to the exon 5 breakpoint (Figs. 8B and 8C). Thus, it is likely that 

both the 14 bp deletion and the inversion resulted from a single breakage event. In 

contrast, examination of the region surrounding the 1696 bp deletion did not reveal direct
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or inverted repeats which could have been aligned in the formation o f the larger deletion 

(Fig. 8D). However, it is possible that the sequences surrounding the larger deletion were 

in close proximity to the sequences involved in the 14 bp deletion and inversion. These 

breakpoint regions may have been adjacent due to chromatin structure or the formation of 

stable secondary structures involving the oppositely-oriented Alu  9 and Alu  12 sequences 

(Fig. 8A). It is conceivable that the homology (5 of 6 nt) between the sequences in exon 5 

(immediately upstream from the 5' breakpoint of the 1696 bp deletion) and those in the 14 

bp deletion (which may have been looped out by the two f.anking hexanucleotide direct 

repeats) (Figs. 8B and 8E), also could have been involved in their juxtaposition. It is 

notable that the inverted 151 bp sequence was just slightly longer than the 146 bp required 

to encircle a nucleosome (59), thereby protecting and/or positioning the inverted sequence 

as well as permitting the short direct repeats (AC and AT) at the respective 5’ and 3' termini 

of the inverted segment (Fig. 8E) to facilitate the alignment of the recombinational event. 

Thus, a single, albeit complex, recom binational event could have resulted from the 

abnormal juxapositioning o f these sequences during meiosis. In support of this hypothesis 

is the fact that the Family J rearrangement could be traced to a germinal m utation in the 

maternal grandfather. Alternatively, it is conceivable that this complex rearrangement was 

the result o f two independent events, each involving two double-stranded breakages and 

reunions in the maternal grandfather's spermatogonia. The only other reported germinal 

inversion-deletion rearrangement occurred in the human p-globin gene cluster in which two 

deletions of 0.8 and 7.5 kb were separated by a 15.5 kb inverted segment (4). Although it 

was not possible to deduce the origin o f this delction-inversion rearrangem ent which 

caused a thalassem ia, it was suggested that chromatin structure, alignment of 

oppositely-oriented Alu  or K pn\ repetitive elem ents, and/or short direct repeats at the 

breakpoints o f the larger deletion may have been involved. Thus, the similarity of these 

two delction-inversion rearrangements suggests that common underlying recombinational 

events may be responsible for their formation.
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Comparison of the sequences surrounding the breakpoints in the five a-G al A gene 

rearrangements which involved short direct repeats revealed that the trinucleotide CAG, or 

its complement CTG, occurred in or immediately adjacent to the direct repeat at the 5' 

breakpoint in four, or 80%, of these rearrangements (Table I). In contrast, the CAG/CTG 

trinucleotides were not present at any o f the a-Gal A 3’ breakpoints. The CAG and CTG 

sequences were the seventh and fifth most frequent trinucleotides in the a-G al A gene, 

occurring on the average every 47 and 45 nt, respectively. Based on these frequencies, the 

expected occurrence o f either trinucleotide in or adjacent to the 5' or 3' short direct repeat 

would be 36% in the five rearrangements. It was also noted that the sequence CCA, or its 

complement TGG, occurred at three o f five a-Gal A 5’ breakpoints and at one o f the 3' 

breakpoints. The finding that the CCA/TGG and CAG/CTG sequences overlapped in three 

of the five a-Gal A 5' breakpoints suggested that the tetranucleotide CCAG (or CTGG), 

which was present at three of the 5' breakpoints and at none o f the 3' breakpoints, might be 

important in the origin of these rearrangements. Analysis o f the a-Gal A gene revealed that 

the sequences CCAG/CTGG were the twentieth and twelfth most frequent tetranucleotides 

in the a-Gal A gene, occurring on the average every 162 and 134 nt, respectively. Based 

on these frequencies, it would be expected that either tetranucleotide would occur in or next 

to the short direct repeats at the 5' or 3' breakpoints in about 10% o f  the five 

rearrangements. Thus, the tetranucleotide and CAG/CTG trinucleotide sequences were 

present m ore frequently than expected at the 5’ breakpoints o f  the a -G al A gene 

rearrangements.

Analysis o f all mammalian germinal gene rearrangements with short direct repeats 

including a-G al A (Table I) revealed that the trinucleotides CAG or CTG occurred in or 

im m ediately next to the 5' and 3' breakpoints in 52% and 19% of rearrangem ents, 

respectively (4-6, 8, 11, 13, 17, 26, 54). The tetranucleotides CCAG/CTGG occurred at 

33% and 14% of 5' and 3' breakpoints, respectively. It is tempting to hypothesize that the
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Table /. Breakpoint sequences in mammalian germinal gene rearrangements involving 

short direct repeats.

Rearrangement 5' Breakpoint 3' Breakpoint Reference

Hb Leiden TCCT C.A GGAG AGGA GA AGTC 5

Hb Lyon GGGC AA GGTG GGTG AA CGTG 5

Hb Freiburg TGAA GT TGGT GTTG GT GGTG 5

Hb Niteroi GGTT CTTTG AGTC AGTC CTTTG GGGA C

Hb Gun Hill AGTG AGCTGCA CTGT GACA AGCTGCA CGTG 5

Hb Tochigi TATG GG CAAC CTAA GG TGAA 5

Hb St. Antoine TGAT GGC CTGG GCCT GGC TCAC 5

Hb Coventry TAAT GCCC TGGC CCTG GCCC ACAA 5

ySp-Thal 1 TCCC AG CACT GAAA AG TCTG 8

Hb BK GGTA TCT GGAG AATT TCT ATTA 4

Indian HPFH CGCG CCACT GCAC ATCC CCACT ATAT 11

Dutch p° Thai AACC AAATTT GCAC GAGA AAATTT TTGC 13

Turkish p Thai GTCT ACCC TTGG TTGG ACCC AGAG 17

-(a)20-5 CCTA GGC AACA TAAG GGC CACG 6
RB 1 AGCT TTTATAC TTGA TGAA TTTAAAC AT A A 26

Pro-a2(I) TTTC TTTC TAAG GTGG TTTC CCTG 61

Fabry Family A GAAC CCA GAAC AGCT CCA CCTC

Fabry Family B CATC AAG GGTA TTAA AAG ACTT

Fabry Family D AGCT TAGACA GGTA AATG TAGATA AAGA

Fabry Family E CAGC AGAACT GGGC. GGAA AGAACT TTGA

Fabry Family J TTTA AC CAGC. 

GAAA AT TTTA

TAAT AC ATTT 

ATGT AT AGGC

For each gene rearrangement, the 5' and 3' breakpoint regions are shown. Spaces have 
been inserted between the direct repeats (in bold) and the four adjacent 5' and 3' 
nucleotides which may be involved in the recom binational event. CTGG/CCAG 
tetranucleotides and/or CTG/CAG trinucleotides are indicated by underlines.
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CAG/CTG trinucleotide (or possibly the CAGG/CTGG tetranucleotide) sequences may be 

recognition sites for proteins involved in replication o r recom bination, and that their 

frequent presence in the a-G al A gene at 5' breakpoints may predispose sequences 

involving short direct repeats to illegitim ate recom binational events. The recent 

identification o f a tetranucleotide from the mouse immunoglobulin switch signal region at 

four of seven breakpoints in the hamster aprt gene also supports the potential role for short 

nucleotide sequences in som atic illegitim ate recom binational events (1, 50, 60). 

Furthermore, this concept is consistent with the fact that short sequences o f three or four 

nucleotides are recognition sites for proteins involved in DNA interactions such as the 

recognition site for topoisomerase I (61).

In sum m ary, six gene rearrangem ents causing  Fabry disease have been 

characterized by sequencing their novel junctions. These included the second deletion- 

inversion rearrangem ent and the third duplication described to date in man. All six 

rearrangem ents were intragenic, suggesting the possibility that flanking regions may 

encode essential functions such that larger deletions involving these genes might be lethal. 

Despite the fact that -30%  o f the a-Gal A gene is comprised o f Alu sequences, only one 

deletion resulted from recombination between two Alu  repeats. The other rearrangements 

involved short direct repeats, further docum enting the importance of small regions of 

hom ology in the generation o f gene rearrangem ents causing this and other inherited 

diseases. Thus, the occurrence of short direct repeats and the paucity of Alu  sequences in 

rearrangem ents o f the a-G al A gene suggests that the type and relative frequency of 

illegitimate recombinational events cannot be predicted, even in genes highly enriched with 

Alu  repetitive sequences.
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CONCLUSIONS

The mechanisms underlying gene rearrangements in higher eukaryotes has long 

been o f interest to geneticists and m olecular biologists. One approach to the study of 

genetic recombination in man has been the characterization of naturally occurring germ line 

mutations at the DNA sequence level. By comparing the mutant sequences to their normal 

counterparts, insights into the molecular mechanisms underlying their formation may be 

gained. However, extensive sequence data is available for only a limited number inherited 

disorders. As more information becomes available, the molecular factors predisposing 

chromosomal rearrangements may be elucidated.

To investigate the nature of the gene rearrangements causing Fabry disease, the 

breakpoints in the a-Gal A gene of Five naturally occurring partial gene deletions and one 

partial gene duplication were determined. In order to characterize the precise location and 

nature o f the breakpoints in these gene rearrangements, the entire a-Gal A chromosomal 

gene was sequenced. The first two chapters o f this thesis discuss the isolation and 

characterization o f the a-Gal A chromosomal gene and full-length cDNA. The third chapter 

describes the use o f these tools in the analysis o f a-Gal A gene rearrangements.

Knowledge o f the sequence and genomic organization o f the a-G al A gene 

permitted characterization o f the m olecular nature o f mutations causing Fabry disease. 

Application of this information lead to improved diagnosis in some Fabry families. 

Although the identification o f a specific lesion in a family allows the precise diagnosis of 

affected hemizygotes and heterozygotcs in that family, it is not feasible to determine the 

molecular defect in each family. An indirect approach to molecular diagnosis is the use of 

restriction length polymorphisms (RFLPs) within or closely linked to the disease locus. 

This powerful method has been greatly simplified by in vitro DNA amplification using the 

polymerase chain reaction. Genetic diagnoses can be achieved rapidly, with a minimal 

am ount o f sample and w ithout the use o f radioactivity. The nucleotide sequence
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information described in this study will serve as a basis for the construction of specific 

oligonucleotide primers to use for amplification o f sequences within or closely linked to the 

a-G al A gene. Identification o f several frequent a-G al A RFLPs should make the 

m olecular diagnosis of Fabrv disease available to m ost fam ilies. In addition, the 

investigations detailed in this thesis have provided a foundation for the future study o f such 

important processes as the regulation of X-linked housekeeping genes, X-chromosomal 

inactivation and the biosynthesis and processing o f lysosomal enzymes.


