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Abstract

FABRY DISEASE: ISOLATION, CLONING, AND SEQUENCE

ANALYSES OF cDNA AND GENOMIC CLONES ENCODING ALPHA-GALACTOSIDASE A

By

Merrigene Quinn

Adviser: David H, Calbhoun, Associate Professor

Fabry disease, an X-linked error of glycosphingolipid metabolism,
results from the deficient activity of the 1lysosomal hydrolase,
alpha-galactosidase A, To investigate the nature of the molecular
mutations involved with Fabry discase and to characterize the
structure, organization, snd expression of the alpha-galactosidase A
locus, this study reports the isolation of cDNA and genomic clones
specific for human alpha-galactosidase A, In addition, since this is
the first genomic clome described to date for s lysosomal enmzyme, it
establishes a reference for future analyses of the molecular events
that mediate the expression of Ilysosomal hydrolases. The human
alpha-galactosidase A cDNA clone (designated AAG18) was isolated from a
Agtll expression library using the antibody detection method. Phage
AAG18 contains an EcoRI cDNA insert of 1226 nucleotides with an open

reading frame encoding 398 amino acids and a protein with a predicted




molecular weight of 45,346, This clone also includes sequences
encoding the last five amino acids of the signal peptide. Two
polyadenylation signals, AATACA and ATTAAA, are located 28 and 11
nucleotides, respectively, before the TAA stop codon. Pbage AAG18
lacks a 3'- untranslated region since the poly(A) sequence immediately
follows the TAA codon, Four possible N-glycosylation sites were
identified within the propeptide sequence, Hybridization of HeLa cell
mRNA with nick translated cDNA insert revealed a single band of
approximately 1.45 kilobases, A genomic clome specific for human
alpha-galactosidase A, was isolated from a lymphoblast 4X Charon 30
library. Nuocleotide sequence analysis of a 1243 nucleotide genomic
fragment includes sequences for the promoter, complete signal peptide,
first exon, and 104 nucleotides of the first intron., Direct and
inverted repeat elements of 10, 11, 16, 19, and 22 nucleotides flank
the promoter site., A GA-rich repeat element of approximately 60
nucleotides, found to bde homologous to similar elements in several
species, is located upstream of the promoter, A GGGCGG site specific
for the DNA binding protein Spl is located next to a CAAT box, and the
inverted Spl binding site, CCGCCC, is located next to the TATA box.
The sequence immediately flanking the ATG initiation codon of the human
slpha-galactosidase A gene was shown to be bhighly homologous to
sequences flanking the ATG inititison codons of four of the other five
human lysosomal hydrolases for which sequence informatiom is available,
but not for any of the other 133 human signal peptides examided.
Information is presented which indicates conversion to the mature

enzyme occurs by cleavage of a carboxy—-terminal propeptide fragment,
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INTRODUCTION

At the turn of the twentieth century, Sir Archibald Garrod
began his studies of pathologic or discase states in relation to the
body's normal physiologic processes. Through his studies of
slcaptonuria, albinism, cystinuria, and pentosuria, Garrod proposed the
bypotbesis that an enzyme blocking a single metsbolic reaction was
either reduced or missing completely in patients with these disorders
(Stanbury et. al.,, 1983). Bis analyses of familial distribution and
knowledge of Mendelian genetics (Mendel, 1901), enabled Garrod to
postulate that these disorders were due to recessive genes. Subsequent
investigations proved Garrod's hypotheses to be correct snd because of
his substantial contributions to this field, he has become known as the
father of inborn errors of metabolism. A group of genmetic discases
known as lysosomsl storage disorders result from inborn errors of
metabolism. There are at least 30 lysosomal storage disorders and each
results from an inherited trait which affects the intralysosomal
enzymes (Dingle et al,, 1984). The first clinical description of s
lysosomal storage disorder came in 1881 by Warren Tay, a British
opthalmologist, when he described a cherry red spot surrounded by s
golden halo in the eye of an infant, Tay bypotbhesized that this
clinical wmanifestation was due to am inherited factor. In 1897 a
neurologist at Mt, Sinai Hospital in New York, B. Sachs, reported
several additional cases of the cherry red spot in the eye of his
patients and he also noted that these patients had extensive central

nervous system damage (Sloan and Fredrickson, 1972). This diseasc has
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been given the eponym of Tay-Sachs disease. Within the next two
decades inherited lysosomal storage diseases were described and have
now been categorized into three groups according to the chemical nature
of the accumulated substrate: i) sphingolipidoses (e.g. Gaucher
disease), ii) mucopolysaccharidoses (e.g. Hurler disease), and iii)
slycoproteinoses (e.g. I cell disease) (Stanbury et al.,, 1983).
Although each disorder is individually rare, takem collectively, their
clinjcal incidence is significant,.

Another 1lysosomal storage disorder known as Fabry disecase was
discovered independently in 1898 by Anderson in England and Fabry in
Germany. Both described patients with angiokeratoma corporis diffusum,
Thus, the disease might more appropriately be called Fabry-Anderson
disecase, however, the name Fabry disease has been retained for
classification purposes. Clinically, the term angiokerators corporis
diffosum azrose from the characteristic skin lesions seen on hemizygous
males. Additional clinical symptoms reported were cormeal opacities,
crises of fever, peripheral edema, and burning sensation in the
extremeties (Desnick and Sweeley, 1983).

In 1947, Pompen et al, performed sutopsies on two zmen known to
have Fabry disease in order to examine the histopathology of the
disorder, They made the significant observation of the presence of
vacuoles in the tunica media of abnormal arteries throughout the body.
This prompted them to propose that a generalized storage disease was
the key to the disorder. The lipid nature of the storage material was
established in 1950 (Scriba), and chemical analyses have since
confirmed Scriba's studies. Sweeley and Klionsky (1963) were the first
to classify Fabry disecase as a sphingolipidosis due to their isolation

and characterization of two neutral glycosphingolipids: i) galactosyl-
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galactosylglucosyl ceramide (Gal-Gal-Glc-Cer) and ii) digalactosyl
ceramide (Gal-Gal-Cer) from the autopsied kidney of a Fabry hemizygote.
The observation that Fabry discase was due to the absence of tribexosyl
coramide galactosyl bhydrolase activity was demonstrated by Brady et sl.
(1967).

Vallace (1958) and Colley et al, (1958) were the first to confirm
Fabry disecase in a woman, This woman's son had died due to Fabry
disease and her subsequent autopsy material revealed vacuolated
glomerular epitbelial cells. Subsequently, VWise et al, (1962) and
Burda and ¥inder (1967) demonstrated very slight clinmical features of
Fabry disease in carrier heterozygous females, The X-linked
transmission of the disorder was confirmed by Opitz and Stiles (1963)
and Opitz (1964) throvgh studies of at least 21 carrier females and
affected males, Literature reports of over 45 documented heterozygotes
show that the females are generally less severely affected with corneal
dystrophy as the most frequent and often singular manifestation
(Desnick and Sweeley, 1983). Prognosis is bettex for the heterozygote
than for the hemizygote, Although 1life expectancy is longer in
affected females, most become more symptomatic with increasing age and
generally die of the disease (Burda and VWinder, 1967).

Of the glycolipid storage disorders, only in Fabry discase is the
deficient enzyme transmitted by an X-linked structural gene. Opitz et
al, (1965) first studied the relative position of the Fabry locus on
the X chromosome. The initisl data of Opitz et al. (1965) and then
Johnston et al. (1969), indicated a 1linkage between alphba-
galactosidase A and the Xga blood group antigens, However, subsequent
data derived from somatic cell hybridization assigned the alpha-

galactosidase A structural geme to the Jlong arm of X (Xq) (de la
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Chapelle and Miller, 1979), while other data placed the Xg blood groups
on the short arm of X (Xp). Further linkage data from two other group
negates the previous evidence for linkage between alpha-galactosidase A
and Xg (Ropers et al., 1977; Johnston and Sanger, 1981). Specifically,
the strucural gene for alpha-galactosidase A bhas been localized to »
narrow region of Xq (Xq21-Xq22) (Fox et al,, 1984) by somatic cell
hybridization techniques,

Lysosomal enzymes break down down macromolecules and and their end
products may be ecliminated from the cell or used as anadolic buiding
blocks (Dingle et al., 1984). Failure of one of these hydrolytic
enzymes cap result in the accumulation of their substrates or their
abnormal metabolites within specific cell types of the body. Resultant
sccumulation can cause & variety of climical sequelae ranging from
dermal lesions to mild retardation to death, The lysosomal storage
disorders provide examples of gemetic heterogemeity associated with
similar or indistinguishable clinical manifestations,
Indistinguishable phenotypes can be caused by, i) mutations of
different genes which affect the metabolism of the same end product or
by ii) mutations at different alleles which affect the nature of a gene
product (genotype). An example of the first situation is seen in
mucopolysaccharidosis type III where there are four forms of the
disease, Sanfilippoc A, B, C, and D, Clinically, all result in
accumulation of heparin sulfate in the tissues, bowever genetically,
the activity of four separate enzymes is affected (McKusick et al,,
1978). Tay-Sachs disease is an example of the second situation since
the alpha and beta subunits of hexosaminidase A are encoded on
chromosome 15 and 5, respectively (O'Brien, 1983).

The control, regulation, expression, biosynthesis, and trafficking
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of lysosomal enzymes is not completely understood. The study of
patients with various forms of lysosomal storage disorders bhas bhelped
to unravel these complex biologic processes. Lysosomal enzymes are
synthesized on membrane-bound polysomes onm the rough endoplasmic
reticulus along with secretory proteins and membrame proteins, All of
these proteins are thought to contain an amino terminal signal peptide
which participates in translocation of the protein across the membrane
of the endoplasmic reticulum (Walter et, sl., 1984). To date, two
components bhave been purified and shown to be necessary for
translocetion, The first is the signal recognition particle (SRP), an
118 cytoplasmic ribonucleoprotein, which recognizes the signal sequence
of nascent polypeptides (Erickson et al., 1981; Erickson et al., 1983;
Rosenfeld et al,, 1982)., The second component of the translocstion
event is the SRP receptor, also known as the docking protein, The SRP
receptor is an integral membrane protein which associates with the SRP
and allows targeting of the ribosomes and protein to the membrane of
the rough endoplasmic reticulum (Walter et al.,, 1984), The steps
following the targeting process are poorly understood, however, somehow
the permesbility barrier of the membrane is altered and the nascent
polypeptide passes through to the lumen,

During the concomitant translocation and translation several
modifications occur, including cleavage of the the signal peptide from
the nascent lysosomal polypeptide and addition of high mannose core
oligosaccharides. Specifically, three glucose, nine mannose, and 2
N-acetylglucosamine residues are added en bloc by a 1lipid carrier to
selected asparagine residues along the lysosomal polypeptide (Kornfeld
and Kornfeld, 1985). Processing of asparagine-linked oligosaccharides

begins by the removal of three glucose residues and one mennose
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residue, Vithin the lumen of the rough endoplasmic reticulum, tbe
lyioso-al entymes are in the same pool as the secretory proteins since
they share a similar mechanism of tramsport,

From the lumen the proteins are transported to the Golgi apparatus
for posttranslational modifications and sorting to their proper
destinations (e.g. lysosome, secretory granule, or plasa membrane). The
site(s) and mechanism(s) by which lysosomal enzymes are sorted from the
pool of secretory proteins is not known, However, it is known that
within the Golgi complex, ome important acquisition for 1lysosomal
enzymes is the addition of mannose-6-phosphate (M-6-P) by a two step
process, First, N-acoetylglucosamine-l-phosphotransferase catalyzes the
transfer of N-acetylglucosamine-1-phosphate to s mannose residue on the
oligosaccharide (Hasilik et al,, 1981; Reitwan and Kornfeld, 1981).
Subsequently, N-acetylglucosamine is removed by elpha-N-acetyl-
glucosaminyl phosphodiesterase and the mature recognition marker,
M-6-P, is exposed (Varki and Kornfeld, 1980; Waheed et al., 1981; Varki
and Kornfeld, 1981). These residues are recognized by M-6-P receptors
located in the plasma membrane of the golgi apparatus and the
receptor-ligand complex travels to vesicles destined to become primary
lysosomes via sn undetermined pathway (Sly and Fischer, 1982). VWithin
the acidic miliev of prelysosomal compartments the receptor—ligand
complex dissocistes and the M-6-P receptor is free to recycle
(Gonzalez-Noriega et al,, 1980)., Recently it has been shown that there
are actually two types M-6-P receptors based on their requirement for
divalent cations, The new receptor has been named cation-dependent
M-6-P receptor and the otber cation-independent M-6-P receptor (Hoflack
and Kornfeld, 1985)., Thbis finding raises interesting questions. Do

lysosomal enzymes exbibit random or selective binding to these
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different receprtors and if so, what deteormines their selectivity? And
do these different receptors serve to traffick different acid
hydrolases to separate types of lysosomes with specialized functions?

Lang et al, (1984) and Kornfeld et al. (1985) demonstrated that
the selective recognition warker of acid hydrolases by N-acetyl-
slucosaminyl phosphotransferase is contained within the protein rather
than the oligosaccharide portion of lysosomal enzymes. Specifically,
using an in vitro assay, deglycosylated enzymes (endonuclease
H-treated) acted as both specific and competitive inhibitors of
phosphorylation of the intact lysosomal enzymes. In addition, they
showed that tbe intact protein is required for inhibition since large
proteolytic fragments and denatured proteins did not possess the
information peccessary to inhibit phosphorylation, Of the available
¢DNA sequences for bhuman lysosomal enzymes, (Faust et al,, 198S;
Fukushima et al., 1985; Sorge et al., 1985; Guise et al,, 198S5;
Myerowitz et al,, 1985; O'Dowd et al., 1985; Fong et al., 1986; Oshima
et sl,, 1987), no significant homologies were found at the nucleotide
or amino acid level, This suggests that there may be secondary or
tertiary protein structure in common which allows specific recogmition
of acid hydrolases by N-acetylglucosaminyl phosphotransferase.

Although M-6-P receptor mediated delivery to lysosomes is an an
important pathway for channeling enzymes, it is koown that this is mot
the only route to the 1lysosome and there must be a pathway(s)
independent of this receptor, The evidence comes from the study of
patients with I cell disease (mucolipidosis II) and the genetically
related disecase, psecudo-Hurler polydystropby (mucolipidosis III), who
are unable to synthesize the M-6-P recognition sarker due to an

impaired N-acetylglucosaminy]l phosphotrensferase (Hasilik et al,,1981;




Reitman ot al., 1981; and Varki et al,, 1981). Thus, their lysosomal
epzymes are not suitable Jligands to the MN-6-P receptor. For
fibroblasts and certain other cells, the lysosomal enzymes are secreted
into the external environsent rather tham delivered to the lysosomes.
Interestingly, Kupffer cells, 1leukocytes, and hepatocytes contain
nearly normal levels of enzymes vwithin their lysosomes (Owada and
Neufeld, 1982; Waheed et al,, 1982), It also has been shown by Gabel
et al, (1983) that s number of cells without the M-6-P receptor (e.g.
P388D, J774, and L cells) have high 1levels of Jysosomal acid
hydrolases. Clearly these cells have a M-6-P independent wechanism for
trafficking enzymes to the Ilysosomes, however, this mechanism is
unknown st this time,

Besides cleavage of the signal peptide in the endoplasmic
reticulum and oligosaccharide processing, lysosomal enzymes undergo
additional proteolytic processing. Lysosomal enzymes are synthesized
as prepropeptides (Hasilik et al., 1981); the prepropeptide includes
the amino terminal signal peptide which is removed first followed by
removal of the pro piece after the enzyme has entered the prelysosomal
compartment (Gieselwann et al., 1983)., Propeptide processing has been
shown to occur at the amino and/or carboxy terminus (Erickson et al.,
1981; Erickson and Blobel, 1983). It has been suggested that removal
of the pro piece of cathepsin D activates the zymogen and contains the
activity of the enzyme prior to its sorting and delivery to the
lysosome (Erickson et al., 1981). Zymogen activation by removal of the
pro piece does not appear to pertasin to all lysosomal enzymes,
Eornfeld (1986) speculates that the presence of the pro piece of the
enzyme might be necessary for proper folding of the peptide for sorting

via the M-6-P receptor independent pathway., His speculation is based
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on the evidence that the pro piece is not pecessary for the addition of
M-6-P residues, since purified mature protein can be phosphorylated by
the phosphotransferase (Lang et al., 1984; Kornfeld et al,, 1985),
Once the enzyme has been delivered to the lysosome this pro piece
becomes dispensable and is removed. An alternative postulation
suggests that removal of the pro piece of the peptide stabilizes the
enzyme in the acidic milieu of the lysosomal compartment (Kornfeld,
1986). It is possible that removal of the pro piece may serve a dual
role in sowe lysosomal enzymes., Specifically, removal of the pro piece
may activate and stabilize the enzyme in the newly found acidic
environment of the lysosome.

During the past twenty years, significant observations were made
in the understanding of the molecular pathologies of lysosomal storage
disorders and other inherited metabolic diseases. This information
gave way to the development of specific and facile tests to accurately
diagnose and identify specific enzymatic defects in more than 200 of
the over 400 characterized, recessively inherited, inbormn errors of
metabolism (McKusick, 1978). These techniques and im vitro somatic
cell hybridization assays have been ntilized to assign structural genes
for these enzymes to specific human chromosomes (Evans et al,, 1979).

Research involving patients with inborm errors of metabolism has
led to s better understanding of the cell biology, physiology, and
biochemistry of these disorders, Bowever, an obvious goal is to
provide specific tbherapy for patients suffering from these devastating
diseases, Because efficient treatment is mnot yet available for
patients with many inherited metabolic deficiencies, investigators
devised studies to identify specific treatments to alter the disease

course, Farly efforts were divided into two major themes: i) decrcase
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the progressively sccumulated substrate through dietary restrictions or
ii) replace the deficient gene product through intravenous imjections,
The first spproach has proved to be successful, for example, with
phenylketonuria (Hoskins et al,, 1980). The second approach was
prompted by preliminary ip vitro studies for 1lysosomal storage
disorders which revesled that the exogenonsly added, appropriste enzyme
co;ld correct the metabolic defect in cultured fibroblasts from
patients with lysosomal storage disorders (Porter et al,, 1971; Hickman
and Neufeld, 1972).

Clinjcal trials were designed to administer and target the normal
human enzyme in patients with Jysosomal enzyme deficiencies (Tagler et
al., 1974; Brady et al., 1973; Desnick and Grabowski, 1981). These
trials encountered several obstacles which decreased the desired
effect of this aspproach, Ope major hinderance was the fact that many
lysosomal storage disorders are characterized by storage of lipids and
mucopolysaccharides within the necurons, and hence, the administered
enzyme must cross the blood-brain barrier., Also, the intravenously
administered enzyme was rapidly cleared from the plasma and uptaken
primarily by the hepatic system, Finally, a major stumbling block was
the lack of sufficient amounts of exogenous preparations of purified
enzyme for assessment of long term clinical effectiveness,

For Fabry disease, clinical efforts were designed to reduce the
circulating substrate, thereby, reducing vascular accumulation, The
first clinical infusion of alpha—-gslactosidase A was reported inm 1970
(Mapes et al.)., These and additional trials (Brady et al., 1973)
showed transient depletion of substrate in the circulation following

purified alpha-glactosidase A infusion, In a later study (Desnick et

al., 1979), affected meles (hemizygotes) were given several injections
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of slpha-galactosidase A purified spleen or plasma at 100,000 nmole/br
per injection., In brief, the results were the following: i) the more
highly siaslyated plasma enzyme remained in the circulation seven times
longer than the splenic form, ii) both enzymstic forms were detected in
biopsied liver 30 min post-injection iii) systemically, s 25-fold
greater reduction of plasma substrate by the plasma enzyme was
reported compared to the depletion by the splenic enzyme, iv) during a
span of 120 days, no detectable immune response was generated to either
form of the enzyme, snd v) stored substrate was mobilized into the
circulation by the plasma forr of the enzyme, but not by the enzyme
purified from spleen.

Several lines of evidence support the aspplication of recorbinant
DNA technology for the trestment of Fabry disease. First of all, the
absence of detectable immunologic reactions and the <clinical
effectiveress of replacement therapy in preliminary husan triels has
been demonstrated as previously moted. In addition to the positive inm
vivo results, Dawson et al. (1973) reported that exogenous alpha-
galactosidase A added in vitro to cultured fibroblasts from unrelated
hemizygotes with Fabry disease corrected the biochemical defect. Also,
Fabry di;e.se has mno central nervous system involvement (Desnick and
Sweeley, 1983). In this context, the identification of a 42 year old
male variant whom has low alpha-galactosidase A activity (3-10% of the
normal activity) and is completely asymptomatic (Bishop et al,, 1981),
has provided an additional stimulus to the efforts designed to treat
Fabry disease., The report of this variant provides evidence to the
hypothesis that low levels of administered alpha—galactosidase A may be
effective, Since alpha-galactosidase A is a homodimer (Bishop and

Desnick, 1981), only a single gene is required for cloning and eventual
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oxpression in microbial systems.

In addition to clinical trestment, basic investigations of
structural and functional characterizations of lysosomal enzymes and in
vitro studies also have been delayed due to the lack of sufficient
quantities of homogeneous enzyme. However, due to recent advances in
, microbial expression systems and the cloning of seversl 1ysosomal
hydrolase c¢DNAs, s new book is opened on the spplication of enzyme
replacement tbherapy for the treatment of lysosomal storage disorders.
Recombinant DNA technology can be employed to construct plasmids that
direct the production in microorganisms of large amounts of enzyme that
can be used for resesrch leading to therapeutic applications., Indeed,
expression and purification of large amounts of active genme products
are foresecable. Besides therapeutic applications, molecular studies
and genetic manipulations can be utilized to determine gene structure,
regulation, and transcriptional/translational processing. Nucleotide
sequence analyses of the normal and disecase states will determine the
xolecular defects associated with inherited metabolic diseases,

Recent experiments indicate the feasibility of retrovirus-mediated
gene transfer as an approach to gene therapy for lysosomal storage
diseases and other inherited metabolic disorders. Gaucher disease, 8
glycolipid storage disorder, results from the deficient activity of the
lysosomal enzyme glucocerebrosidase (Brady and Barranger, 1983). Sorge
et al., (1987) cloned the human glucocoerebrosidase cDNA into a
retrovirus vector and infected mouse fibroblasts with this construct,
Infected mouse fibroblasts eipressed active luman glucocerebrosidase.
The retrovirus vector was then rescued from mouse fibroblasts by a
helper virus and wused to transform <cultured fibroblasts and

lymphoblasts from Gasucher patients. Sorge et al, (1987) demonstrated
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complete correction of the enzymatic defect in these trensformed cells,
In a similar experiment by Palmer et al. (1987), a retrovirus vector
containing s human adenosine deaminase cDNA, was used to infect human
fibroblasts from a patient with adenosine deaminase deficiency. The
infected <cells produced 12-fold more adenosine deaminase than
uninfected cells and were able to metabolize adenosine and
deoxyadenosine, substrates that accumulate in the plasma of affected
individuals (Kredich and Hershfield, 1983), Another hereditary
disorder, alpha-antitrypsin deficiency, is characterized by reduced
serum levels of alpha-sntitrypsin resulting in destruction of the lower
respiratory tract by neutrophil elastase (Gadek and Crystal, 1983).
Garver et al, (1987) wused a retrovirus vector containing
alpha-antitrypsin c¢cDNA to produce glycosylated, active human
alpha-antitrypsin in mouse fibroblasts. Their hope is to produce
sufficient quantities of the enzyme for therapeutic applications,

In summary, the availability of cDNA and genomic clones for
alpha-galactosidase A wounld facilitate studies of the molecular basis
of the disease, provide specific probes for hetexrozygote
identification, and permit expression of large amounts of the enzyme
for further structural anslyses and for therapeutic trials of enzyme
replacement, The first part of the study reported here focuses on a
group effort directed towards the isolation of a cDNA encoding human
slpha-galactosidase A, Antibodies prepared from purified alpha-
galactosidase A protein and oligonucleotides synthesized from knowledge
of protein sequence were utilized to screen c¢DNA libraries. Partial
nucleotide scquences of a positive ¢cDNA clone was used to verify clone
authenticity. The complete nucleotide sequence of a cDNA clone

specific for human alpha-galactosidase A was determined and the
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predicted protein sequence was obtained. Consensus poly(A) addition
sites, N-glycosylation sites, restriction endonuclease sites, and
secondary structure of the mature protein were identified,.

The second half of this study reports my specific efforts that led
to the isolatjon of genomic clones specific for buman aslpha-
galactosidase A, In fact, these are the only genomic clones reported
to date for any mammalisn lysosomal enzywe. Nucleotide data from the
alpha-galactosidase A <cDNA clone was ©utilized to synthesize an
oligonucleotide corresponding to the amino terminal amino acid sequence
for screening genomic 1libraries, Nucleotide sequence apalysis of a
1243 pucleotide genomic segment revealed the presence of the
5'-flanking promoter sequences, transcription initiation sites, signal
peptide sequence, snd first exon-intron splice junction. Analyses of
these regions should give insight into the mechansisms that regulate
lysosomal enzymes and intracellular processing. In addition, these
studies should lay the foundation for future analyses of the molecular
mutations involved in Fabry disease and the exproession of the
alpha-galactosidase A 1locus in npormal individusls and in PFabry

patients,
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MATERIALS AND METHODS

Materials. Beta-cyanoethyl diisopropylphosphoramidites and heat
secalable Kapak pouches (8 inches X 9.5 inches) were purchased from
Fisher. Reverse transcriptase was obtained from Life Sciences. The
M13 universal  primer (17-mer; §5'-GTAAAACGACGGCCAGT-3') and the
following enzymes were purchased from New England Biolabs: phage T4
ligase, phage T4 polymucleotide kinase, the Klenow fragment of E. coli
DNA polymerase I, and restriction endonucleases AccI, BamHI, EcoRI,
HindIIY, PstI, Rsal, SacI, and Tagl. Plasmids pUC8 and pUCY were
obtained from Betbesda Research Laborstories. Calf intestinal
phosphatase, [a-358]JdNTPs (1200 Ci/mmole), [a-32PJdATP (800
Ci/mmole), and [1—32P]dATP (3000 Ci/mmole) were purchased from New
England Nuclear, The rapid deletion subcloning kit and synthetic
oligonucleotide RD22 (5'—CGACGGCCAGTGAATTCCCCCC-3') were purchased from
International Biotechmologies, Inc. DEAE cellulose mesbranes (NA-45),
Zetabind nylon wmembrases, colony/plague screen nylon membranes, and
nitrocellulose membranes (137 mm) were from Schleicher and Schuell, AF
Cuno, New England Nuclear, and Millipore, respectively. Other chemicals

and reagents were obtained from several vendors.

Bacteria, Bacteriopbages, and Recombinant Plasmids. Bacteria

strains, various Jlibraries, and recombinant plasmids vtilized during

the course of this study are described in Table 1.
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Table 1. Bacteria, bacteriophages, and recombinant plasmids.

Strain Description Reference
BACTERIA

€600 F-,thi-1,thr-},1euB6,1acY], (Appleyazd, 1954)
SupE44,t0nA2],)\"
ars-14,proA2,lac .ii}!i%’ (Boyer and Rouilland-
upEdd, A-

JN103 A(lac pro),thi,strA,supE,endA,
sbeB,hsdR™,F'traD36,proAB, (Messing et al,,
1ac1q,1acZAM1S 1981)

X1776 F~,tonAS3,dapD8,minAl,ginr44,

(supF42) ,A(gal-uvrB)40,A", (Curtiss et al,,
.innz,t“’z..!ru:. !!!Al‘ng-‘-Zp 1977) .
netC63,oms-1,(tte-1),A(bioB-asd)29
cycB2,cycAl,hsdR2

Y1088 1acV169, supE,supF ,hsdR-,hsdM+, (Young and Davis,
metB,trpR,tonA21,proC: : TnS(pNC9) 1983a).

BACTERIOPHAGES

Charon 30 11007,KHS4,nin$,dupl(sbh2-3) (Rimm et al., 1980)

Agt? 1ac§(b522,nin%)

Agtll lac3,cI857,0in5,8100 (Young and Davis,

1983b)

Agt¥WES.AB -.-59;..--1109.22519% cl8s

equires bost bacter s wit '§!gg (Leder et al,, 1977)

21059 his,bamlo,5189(int29,ninl44,
c1857,pac129)A(int-cII1) KHS4 (Kaxn ot al,, 1980)

AAG18 Agtll with EcoRI cDNA insert (Calboun et al,,
of alpha-galactosidase A 1988)

AAG1,A\AG2, Lysogenic form of AAG18 This work

AAG3 (in Y1088; TN1614s)

A, Independent isolates containing

ANQ2 genomic alpha-galactosidase A This work
inserts in Charon 30

AC1, Iadependent isolates from A1059

AC2 genomic library This woszk
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Veotor

Description

Reference

PLASHIDS

pBR322

PAG18

pUCS8, pUCY

pUC9-18-5

pUC9-18-3

pUC8-18-19

pUC8-18-20

pcDX

pecD1-21

pSPRI1

pha1,
phQ2

plasmid vector

pBR322 with alpha-galactosidase A
oDNA 1.2 Xb EcoRI inmsert

plasmid vectors

pUCY with EcoRI 1.2 kb alpha-
slactosidase A ¢cDNA insert
in HB101; TN1615a)

same ss pUCH9-18-5 with insert
in opposite orientation (in
HB101; TN16168)

pUC8 with EcoRI 1.2 kb alpba-
galactosidase A cDNA insert
(in C600; TN1619a)

same as pUC8-18-6 with insert in

opposite orientation (in C600;
1620a)

plasmid vector containing
cDNA inserts

peD clones isolated as positive
to oligonucleotide probes

plasmid vector

pSPRI containing SacI insert
from ANQl and AMQ2,
respectively

(Bolivar et al,, 1977;
Sutcliffe, 1978)

(Calhoun et al,,
1985)

(Vierza and Messing,
1982)

This work

This work

This work

This work

(Okayama and
Berg, 1983)

This work

(Krystal et al.,
1986)

This work




18.

Table 1. (cont.)

Vector Description Reference
RIS~ VECTOR3S

M13mpis, cloning veotors (Messing, 1983)
M13spl1l

N2S M13mp18 with 1.2 kb EcoRI

insert of alpha-galactosidase A (Bishop et al,, 1986)
cDNA (same sense as messagec)

M25.21,.22, Deletion derivatives of M2$5 for This work

and ,28 sequence analysis; Fig, 12,
N27 M13mp18 with 1.2 kb EcoRI

insert of alpha-galactosidase A (Bishop et al., 1986)
(snti-message sensec)

¥27,18,.15, Deletion derivatives of M27 for This work
+.30,and .5 sequence analysis; Fig, 12,

sMQU M13mp1l with 1,265 kb Tagl
genomic insert of alpha- This work
galactosidase A (same sonse
as messagec)

QL N13mpll with 1.265 kb TagIl
genomic insert of alpha- This work
gslactosidase A (anti-message
sensec)

niQZ aMQU minus the 22 nucleotide This work

polylinker region of pSPRI

-
TN refers to laboratory number of E. coli host strain which carries
indicated plasmid or bacteriophage.

M13 vectors snd derivatives were grown in JMN103,

The same sense as message means that the bacteriopbage M13 packages
the strand of the human cDNA vwith the same polarity as mRNA, or its
anti-message complement,
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Purification and Amino Acid Sequence Analyses of Alpha-

Galsctosidase A. Human lung alpha-galactosidase A, purified in Dr,

D.F, Bishop's laboratory according to the method of Bishop and Desnick
(1981) with slight modifications (Calhoun et al,, 1985), was used for
amino acid sequence and composition analyses. Two independent
preparations of 95% pure alpha-galactosidase A were sequenced in Dr,
Leroy Bood's laboratory at The Californmia Institute of Technology by
extrapolation of each amino acid concentration to its zero-time value
from 24-, 48-, and 72-hour (hr) hydrolyses in 6 M HC1 at 110°c.
Performic acid oxidation was uvsed for anaslysis of cysteine as cysteic
acid and for methionine as the suvlfone (Hirs, 1967). Amino acid
concentrations were determined in a Durrum model D-500 analyzer, The
tryptophan concentration was obtained from the ratio of its absorbance
to that of tyrosine by the spectro- photometric method of Edelhoch
(1967). Homogenecous alpha-galactosidase A was digested with trypsin
treated with tosylphenylalanine chlorometbhyl ketonme (Allen, 1981) or
cleaved with cyanogen bromide (Gross, 1967), and the peptides were
isolated by reversed-phase HPLC (Browne et al., 1982), The amino acid
sequences of the smino-terminal, tryptic, and cyanogen bromide peptides
were determined by automsted gas-—phase microsequencing and HPLC
identification of the phenylthiobydantoin derivatives of the amino

acids as described by Hunkapiller and Hood (1983),

Synthesis of Deoxyoligonucleotide Mixtures. Within the first 37

amino acids of the alpha-galactosidase A sequence and within an
internal tryptic peptide, several regions of low codon redundancy were
identified spd utilize¢ tc synthesize oligonucleotide mixtures

corresponding to predicted mRNA sequence. Oligonucleotide mixtures
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2A/2B (Fig. 1; the designation 2A/2B refers to a combination of
oligonucleotide mixztures 2A and 2B) and oligonucleotide mixture 4 were
purchased from Applied Biosystems and New England Biolabs,
respectively, Oligonucleotide mixture 5 was constructed for us by Dr.
Peter Model, Rockefeller University. The other oligonucleotide
mixtures were synthesized in the Microbiology department on a Sam One
synthesizer (Biosearch), wusing phosphotriester or, later, nusing
phosphoramidite chemistries with Beta-cyanoethyl
¢iisopropylphosphoramidites. Oligonucleotide mixtures were purified by
gel electropboresis on 20% polyscrylamide gels containing 8 M ureas and

DNA was localized by UV shadow-casting.

1, Oligonucleotide mixture 1A/1B, Oligonucleotide mixtures

1A and 1B are 23-mers (mixtures of 64 and 128 oligonucleotide species,
respectively) synthesized to correspond to amino acids 11 through 18,
Oligonucleotides 1A and 1B differed in that they were specific for
leucine condons UUP (P= purine) and CUN (N= any nucleotide),

respectively,

2, Oligonucleotide mixture 2A/2B. Oligonucleotide mixures 2A and

2B, are each composed of four different l4-mers spanning amino acids
19 through 23, Tbe complexity of these mixtures was reduced by
selecting G for the first nucleotide codon for levcime, based on the

frequency (94%) of its human codon usage (Grantham et al,, 1981),

3. Oligonucleotide mixture 3. Corresponding to an intermal

tryptic peptide sequence, oligonucleotide mixture 3 is composed of 96

different 17-mers.
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Panel A,
-} -1 41 5
Pro Gly Ale Arg Ala Leu Asp Asa Gly Leu Ala Arg
$'-TC CCT GGG GCT AGA GCA CTG GAC AAT GGA TTG GCA AGG
(——Prepeptide——-~-| |-Mature alpha-galactosidase A—)

10 15 20

Thr Pro Thr Met Gly Trp Leu His Trp Glw Arg Phe Met Cys Asn Leu
ACG CCT ACC ATG GOC TGG CTG CAC TGG GAG CGC TTC ATG TGC AAC CIT-3'

M
C A cCT A A
(A) 3'-TAC CCN ACC AA GT ACCCG C€ AAA TAC AC TT GA-5'(A)
T 6 TG G G
A cCT A G
(B) 3'-TAC CCN ACC GAN GT ACC CT C AAG TAC AC TT GA-5'(B)
G TG G G
| I |
MIXTURE MIXTURE
1A/1B 2A/2B
G G
3'-ACC AN GT ACC CT-S'
A A
i |
MIXTURE 4
G
3'-TAC CCN ACC AN GTG ACC C1--8!
A
| |
MIXTURE §
Panel B,
1 s 10 18

Ala Leu Leu Glan Asp Lys Asp Val Ile Ala Ile Asa Gla Asp Pro Leu Gly

T A C A
S'“CGNTAMATT 6T CT GG -3'
T 6 T G

I I
MIXTURE 3

Fig. 1. Synthetic oligonucleotide mixtures, Panel A shows
oligonucleotide mixtures synthesized from the amino acid sequence of
smino terminal fragment of the alpba-galactosidase A protein. Panel B
shows an oligonocleotide mixture synthsized from the amino acid
sequence of an intermal tryptic fragment., MNixtures were 5'-labelled
with [y32pJaATP by T4 polynucleotide kinase and wutilized as
hybridization probes to screen cDNA and genomic libraries for clones
with complementary sequences,
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4, Oligonucleotide mixture 4. This oligonucleotide mixture of

16 different l4-mers spans sequences encoding amino acids 13 to 17 of

alpha-galactosidase A,

S, Oligonucleotide mixture §. This mixture was designed to be

complementary to sequences encoding slpha-galactosidase A amino acids

11 to 17 and consists of 32 different 20—mers.

Synthesis of Unique Deoxyoligonucleotides. Unique oligonucleotides,

as opposed to the oligonucleotide miztures described above, were based
on alpha-galactosidase A cDNA nucleotide sequence or from genomic
nucleotide sequence (Fig. 2). These were also synthesized in the
Microbiolgy department as described above. Unique oligonucleotides
were distinguished from mixtures by letter designations compared to

numerical designations used for oligonucleotide mixtures.

1, Oligonucleotide H. This unique 23-mer, synthesized by
Petros Hantzopoulos, spans nucleotides encoding the prepropeptide
cleavage site, Specifically, it spans the last six nucleotides emcoding
the signal sequence and the first 17 nucleotides of the propeptide

sequence and is the same polarity as message RNA,

2, Oligonucleotide L. Oligonucleotide L was syntbesized to read

sequence towards the signal peptide initiation codon and promoter
region of the alpha-galactosidase A genme, It spans the first 17
nucleotides encoding the propeptide and is complementary to the

message RNA,
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A,

-5 -1 41 s
Pro Gly Ala Arg Ala Leu Asp Asn Gly Leu Ala Arg
3'- CCT GGG GCT AGA GC? ?TG GAC AAT GGA TTG GCA AGG -3'
¢ >
PREPEPTIDE MATURE ALPBA-GALACTOSIDASE A

3~ ?GA GCA CTG GAC AAT GGA TTG G? -3!

3'- GAC CTG TTA CCT AAC c¢|; -5'
|

L

344 358 680 696
3'- TGCAGGTGGTAAAG? -5’ 5'- fTCGGCTTAAACTCG? -3

) | N

Fig, 2, VUnique synthetic oligonucleotides. These were designed
from sequence data of the cDNA clone (probe H) for screening genomic
libraries or from genomic clone sequence data (L, M, and N) for
sequencing internal regions of the genomic clone. Numbers above oligo-
nucleotides M and N (B) represent the corresponding nucleotide of the
alpha-galactosidase A genomic clone (FRig. 25).
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3, Oligonucleotide M. Oligonucleotide M was designed to bridge
a gap in the DNA sequence not covered by deletion mutants, This unique
15-mer (anti-message sense) spans nucleotides 344 to 358 of the genomic

DNA sequence.

4, Oligonucleotide N. This 16-mer (same sense as message) was

constructed to cover a gap in the genomic DNA sequence from nucleotides

680 to 696,

Labelling S'~ Ends of Synthetic Oligonucleotides with T4

Polynucleotide Kinase. Prior to use, 350 pmole aliquots of an

oligonucleotide were dissolved in 10 mM triethylammoniom bicarbonmate,
lyophilized, and stored at ~76°C in 1.5 ml siliconized microfuge tubes.
The reaction was carried out in these tubes with the addition of 18 pl
distilled water, 5 pl of 10X kination buffer (0.5 M Tris-HC1, pH 7.6
containing 100 s MgClz; 50 mM dithiothreitol; 1 mM spermidine and 1 mM
EDTA), 2 pl of T4 polynucleotide kinase (10 units/pl) and 25 ul of
[7-32P]dATP. The incubation was performed st 37°C for 30 min., (Mazam
and Gilbert, 1980). The incubation mixture was passed over a spun
column using Sephadex G-50 (superfine) as described by Maniatis et al.

(1982) to remove free ATP.

Selection of Hybridization and Wash Temperatures. For all

oligonucleotide mixtures, the melting terperature (Tm) was calculated
as described by Wallace (1981): where T= (2°C) (number A/T base pairs) +
(4°C) (number G/C base pairs). Since the oligonucleotides are composed

of different species, an average Tm was calculated and hybridizations




25.

and washes were done at 5°C to 10°C below the average Tm, For all of
these experiments, optimal temperatures were empirically determined by
sequentisl wash experiments of S°C increments in temperature ., After
each incresse in temperature, the filters were exposed to X-ray film
and the autoradiograpbs were examined for comparison of signal to noise
ratios, The calculated Tm ranges for the various oligonucleotide
mixtures are: olljonncleotide mixture 1A/1B (60°C to 69°C),
oligonucleotide mixture 2A/2B (34°C to 40°C). oligonucleotide mixture 3
(46°C to 53°C), oligonucleotide mixture 4 (40°C to 46°C), and

oligonucleotide mixture 5§ (57°C to 62°C).

Plating the Okayams and Berg cDNA Library for Screeming . The colony

hybridization method of Hanahan and Meselson (1980) was used to screen

the human fibroblast cDNA library of Okayama and Ferg (1983) for clones
containing sequences complementary to the synthetic oligonucleotide
mixtures. Agar plates (150 mm) containing ampicillin (25 pg/ml) were
prepared, and nitrocellulose filters were spread with 0.2 ml of cells
to yield 50,000 to 100,000 colonies per plate, This library of 106
transformants in E. coli strain x-1776 (Okayama and Berg, 1983) was
screened on 10 plates total for each screening. When colonies reached
0.1 =m in dismeter, replica filters were prepared from each master
filter. All filters were returned to plates and incubated until
colonies were 0.5 mm in diameter. At this point, the master plates
were stored at 4°C and served as colony sources, The replica filters
were transferred to agar plates containing chloramphenicol (10 pg/ml)
for an additional 12 br to amplify plasmid copy number, The bacteria
were lysed in situ by treatment with sodium dodecyl suvifate and NaOH.

The DNA was then fixed to the filters by baking in a vacuum oven for
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2 hr st 80°C.

Hybridization of c¢cDNA Filters with [1-332]-1nbollgd Oligomucleotides.

Filters were placed in heat sealable Kapak pouches (8 inches x 9.5

inches), five filters maximum per pouch, with 10 ml of hybridization
solution containing 6X SSPE (0.9 M NaCl; 0.06 M sodium phosphate, pH
7.4; 6 mM EDTA), 35X Denhardt's solution (0.1% Ficoll, 0.1%
polyvinlypyrrolidone, 0.1% bovine serum albumin, 0.45 N NaCl and 0.045
M sodium citrate, pH 7.0) and 0.5% sodium dodecyl sulfaste. The pouches
were then sealed and incubated for 2 hr in a 68°C water bath followed
by & 2 hr incubation at the appropriate hybridization temperature. One
corner of the pouch was cut and the prehybridization solution squeezed
out. The pouch was then refilled with 8 ml of hybridization solution
containing 300,000 to 10,000,000 cpm/ml of [1-32P]-13belled
oligonucleotide mixtvre and resealed. Pouches were returned to a

shaking water bath at the appropriate temperature and incubated for

16-18 hr.
Processing Filters Following Hybridizationm,. The nitrocellulose

filters were washed at the appropriate hybrization temperature using
three changes of 1500 ml of 6X SSC (0.9 M NaCl, 0.09 M sodiom citrate).
Each of the three washes was done in plastic containers placed in a
shaking water bath (60 revolutions per minute) for 1 hr, After air
drying, autoradiography of the filters was accomplished by exposure
to Kodak XAR film with one or two Cronex Lightning-plus intensifying
screens at -70°C for various times (several hours to a few days) until

the desired exposure was achieved.
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Isolation end Purification of cDNA Colonies. Positive colonies, as

determined by hybridization experiments were resuspended in broth, and

spread on filters at a density of approximately 500 colonies per
filter. The screening procedure was repeated until well isolated,
hybridization positive colonies were obtained. Plasmid DNA was

amplified and recovered as described by Curtiss et al. (1977).

Screening )gt7, AgtVES,AB, and 121039 Gemomic Libraxies ., Threeo

human X chromosome phage libraries were screemed with [1-32P]-lubolled
synthetic oligonucleotide mixtures wusing the in sitv plague
hybridization technique of Benton and Davis (1977). The libraries were
as follows: i) A Agt7 phage library obtained from Dr. M. Siniscalco and
Dr. P. Szabo of the Sloan Kettering Laboratories (Siniscalco et al.,,
1982), containing 80,000-100,000 different 7-14 kilobases (kb) EcoRI
inserts from a mouse (A9/HRBc2)-human hybrid 1lime, ii) a AgtWES.AB
library obtained from Dr, R. Williamson of 8t. Mary's Hospital Medical
School, London, (Davies et al,, 1981), containing 50,000 recombinants
that wss prepared from EcoRI digestion of flov sorted bhuman X
chromosomes, and iij) a 21059 1library obtained from Dr. Howard J. Cooke
of the University of Edinborough, Scotland, (uppublished) containing
BamlI digested flow sorted X chromosome DNA with 70,000 individual
recombinants. The 1libraries were plated initially at a demsity of
20,000 to 30,000 plaque forming units, using 10 plates (150 mm) per
library. Plaques were transferred to nitrocellulose filters, depatured
in NaOH, neutralized, baked and bhybridized as described for colony

hybridization above.
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¢ _Closes. Positive
phage, determined by bhybridization signals, were isolated using the
large end of a sterile pastenr pipette, resuspended in broth, titered,
and replated at a density of 500 to 1000 plaque forming units per
plate, These plates were rsescreened as descridbed adbove and this
purification procedure was repeated until well isolated, hybridization

positive plaques were obtained.

etermination of In ize from ¢D nd Goenomio Clonmes. Plasmid
DNA was isolated from positive cDNA clones (Okayama and Berg lidbrary)
by the alakaline rapid extraction method of Birpboim and Doly (1979)
And phage DNA was isolated by the small lysate method of Leder et al.,
(1977). Plasmid DNA was digested with BamHI restriction enzyme
endonuclease to release the cDNA insert., Thbe c¢DNA insert sizes were
estimated by electropboresis of digested DNA on 1.0% agarose gels along
with molecular weight markers of the appropriate size range. Similarly,
digestion of the A clonmes with either EcoRI (Agt?7 clonmes) or Bamil
(A1059 clones) released the left and right arms from the genomic
insert. Size estimates for genomic clones were detormined by
electrophoresis of digested DNA on 0.7% agarose gels containing the
appropriate molecular weight markers (i.e. HindIII, EcoRI, and Pstl

digested wild type A DNA).

¢DNA and Genomic Clones by Southern Hybridizatiom. DNA

from positive cDNA and genomic clomes was digested with several

restriction endonucleases to generate insert fragments of varying
lengths, DNA was electrophoresed on 0.7%, 1.0%, or 1.7% agarose gels,

stained with ethidium bromide (0.5 pg/ml) to 1localize bands, and
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transferred to Zetabind nylon membrane using 0.025 M sodium phosphate
buffer, pH 6.5, sccording to the method of Southern (1975). The
membranes were prewashed in 0.1X SS8C (0.015 M NaCl, 0.0015 M sodium
citrate) and 0.1% sodium dodecyl sulfate (500 ml per filter) at 68°C
for 1 hr, Filters were transferred to heat sealable Kapak pouches and
prehybridization, hybridization, and wash conditions were carried out

as described above for screening cDNA libraries.

Primer Extension Using Poly(A) mRNA Templastes. The 5°'- ends of
oligonucleotide mixtures 2A/2B and 4 were labelled with [1-32P]dATP
using T4 polynucleotide kinase as described above. The cDNA was
synthesized in 50 =M Tris-BCl, pH 8.3, containing 1-2 amole
[1—32P]-labelled oligonucleotide primer, 130 pg/ml poly(A)+ mRNA, 10 =M
dithiothreitol, 50 mM NaCl, 60 pg of bovine seruvm albumin/ml, 600 pM
each of the four unlabelled deoxynucleotide triphosphates and 400 units

of reverse transcriptase/ml (Noyes et al., 1979; Sood et al., 1981).

Analysis of mERNA Primer Exteasion Products. An equal volume
(uvsuslly S pl) of loading buffer (8 M urea, 0.05% xylene cyanol, and

0.05% bromophenol blue) was added to the synthesized cDNA products.
The mixture was heated at 90°C for 2 min and layered on s 12.5%
(wt/vol) polyacrylamide gel containing 7 M urea, Electrophoresis was
performed in 50 w»M Tris-borate buffer, pH 8.3 and 1 mMN EDTA as
described by Noyes et al. (1979) and Sood et al. (1981).
Avtoradiography was accomplished by exposure of the gel to Kodax XAR
film at -70°C for various times (e.g. 3 hr to 2 days). Individual c¢DNA
products were sliced from the gel and sequenced according to the

technique of Maxsm and Gilbert (1980) by Liss Traub and Harold
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Bernstein. DNA sequence was compared to known amino scid sequence

data,

DNA_Seguence Analysis of Okayama and Berg oDNA Clomes. The cDNA

clones which hybridized to more tham one of the synthetic
oligonucleotide mixtures or those which hybridized with great intensity
(above the average Tm), were subjected to DNA sequence analysis by the
enzymatic metbhod of Sanger et al, (1977) or the chemical method of

Maxam and Gilbert (1980).

Antibody Screening of the Agtll oDNA Library. Homogeneous

——

alpha-galactosidase A protein (Bishop and Desnick, 1981) was inoculated
into rabbits to produce rabbit anti-human alpha-galactosidase A
antibodies which were absorbed and titered as described by Calboun et
al, (1985). The human liver c¢cDNA library was provided by T. Chandra
and S.L.C. Woo, Baylor College of Medicine, This 1library, which
contains approximately 1.4 X 107 independent clones, was plated and
screened in Dr. D.F, Bishop's laborsory, as described (Young and Davis,

1983a; de Wet ot al,, 1984; Young and Davis, 1983b),

Characterizatjon of )gtll cDNA Clones. Antibody-positive <cDNA

clones were subjected to sntibody competition studies to demonstrate
binding specificity and to Southern blot analyses to identify insert
fragments that hybridized to synthetic oligonucleotides (Calhoun et
sl., 1985). One positive clone, designated AAG18 with an EcoRI insert
of 1,2 kb, was subcloned to pBR322 by Petros BHantzopoulos and

designated pAG18 (Calhoun et al,, 1985; Tsble 1).




Insest. The wmethod of McGraw (1984) was used to obtain the
amino-terminal coding cDNA sequence by primer exteasion using synthetic
oligonucleotide mixture 2B (Fig. 1), Oligonucleotides 2A and 2B were
[1-32Pl-lubollod as described earlier and annealed separately to heat
denstured pAG18 plasmid DNA by placing the mixtures in s 100°C water
bath for 3 min and then plunging into ice for 5 min. DNA sequence was
obtained by the addition of the Klenow fragment of DNA polymerase I and
the appropriate dideoxynucleotides with subsequent electrophoresis on a
20% polyacrylamide gel containing 8 M uvrea. Electrophoresis was done
at 70 Watts (constant power) for 3 hr., The gel was exposed to Kodak
XAR film with two Cronex Lightning-plus intensifying screens at -70°¢
for 18, 36, and 144 hr., The DNA sequence was corpared to the knmown
amino terminal amino acid sequence of the alpha-galactosidase A protein
for verification of identity. The DNA sequence in this region of the
¢DNA of pAG18 was confirmed (Petros Hantzopoulos, Ph.D, thesis) using

the method of Maxam and Gildbesrt (1980).

Preparation of AAG18 Lysogen of E, coli straim Y1088 . Approximately

7 X 10% plaque forming units of AAGI8 were added to 100 1l of sn
overnight culture of E. coli strain Y1088, After adsorption at 37°
for 15 min, the mixture was transferred to a 125 ml Ehrlenmeyer flask
containing 20 ml1 NZ-CYM mediom (Maniatis et al., 1982)., The culture
was incubated at 30°C for five hours then dilutions of 10-‘ through
10-7 were prepared and 100 pl of each dilution was plated on a YT plate
(Maniatis et al., 1982) using a sterile glass rod to disperse the
liquid, Plates were incubated overnight at 30°cC. Well isolated single

colonies were transferred to two separate YI plates with sterile
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toothpicks in a grid fashion (50 total, each colony streaked on both
plates in seme numbered grid for identification). Ope plate was
incubated at 42°C and one plate at 30°C. Colonies growing at 30°C dut
not at 42°C were purified three times at 30°C. with replicas tested at

42°C after each purification round.

Subcloning the 1,2 kb EcoRI Fragment Encoding Alpha-Galsgtosidase A.
In a 10 pl reaction, 1 pg of pUCY was digested with 10 units of EcoRI

in high salt assay buffer (Maniatis et al., 1982) containing 100 mM

NaCl, 50 =N Tris-HC1, pH 7.5, 10 =M MgCl and 1 aM dithiothreitol).

22
The reaction mixture was incubated at 37°C for 2.5 hr and onme third of
the reaction was snalyzed on a 0.7% agarose gel at 150 volts (V) for 1
hr to test for linearization of the plasmid. To inhibit self ligation,
the plasmid DNA was dephosphorylated with calf intestinal phosphatase
as described by Maniatis et al. (1982). In a 20 pl reaction, EcoRI
digested pUCY9 (28 ng) was combined with EcoRI digested AAG18 (500 ng)
with 1 unit of ligase in ligase buffer (50 mM Tris-HC1, pH 7.5, 10 =N
N3012. 20 mM dithiothreitol, 1 mM ATP, and 50 pg of bovine serum
albomin/ml). The reaction was incubated overanight at 16°C and
transformed into E. coli strain HB101 made competent as described by
Hanshan (1983). Plasmid DNA was extracted from transformed colonies
(Birnboim and Doly, 1977), digested with EcoRI, and electrophoresed on
a 0.7% agarose gel at 150 V for 1 hr to test for presence of the 1.2 kb
slpha-gslactosidase A cDNA insert, Insert orientation analysis was
performed by digestion of plasmid DNA with Rsal followed by agarose gel
electropboresis and comparison of DNA bands (clones were designated

pUC9-18-19 and pUC9-18-20; Table 1), The pUCY recombinant clomes with

the 1.2 kb alpha-galactosidase A cDNA insert in both orientations were




33.

identified. The 1.2 kb alpha-galactosidase A EcoRI fragment was
cloned into pUC8 as described for cloning into pUCY, however,
recosbinant plasmids were transformed into F, coli straim C600 (clones

were designated pUC8-18-5 and pUC8-18-3; Tadble 1).

Construction |} Deletion Deriyat . The 1.2 kb EcoRI
fragmant of plasmid pAG18 was subcloned into M13mpl8 (Messimg, 1983) in
both orientations and deletion subclones were made according to the

method of Dale et al, (1985) in Dr, D,F. Bishop's laborstory.

Nucleotide Seguence Analysis of MN13mpl8 Deletion Subclomes. The
deletion subclones (M25.21, M25.22, M25.28, M27.15, M27.18, MN27.30, and

M27.5; Table 1) were sequenced by the method of Sanger et al., (1977)

using the M13 umiversal primer (17-mer).

Overlapping nucleotide sequences were aligned on a microcomputer using
the MicroGenie program (Beckman). Protein structural anslyses and DNA
and amino acid bhomology searches of the Nationmal Institutes of Health
GenBank and the National Biomedical Resesrch Foundation protein data
base were performed in February, 1986, using IFIND/ALIGN programs on

the Bionet Network (Intelligenetics).

Screening the Charon 30 Genomic Library with a Unigue 5°'-

Oligonucleotide Probe. A Charon 30 4X bhuman genomic 1library,
karyotyped 49, XXXXY, was obtained from William Wood (Wood et al.,
1984) . The 1library was plated at a density of 2 X 104 phage per 150 mm

petri dish (15 dishes total) and screened at 55°C with (1-32P]-lubelled
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oligonucleotide H (Fig. 2). Phage DNA was transferred to aylonm
membranes by a procedure adapted from the method of Benton and Davis
(1977). A nylon filter was placed on the agar for two to three min and
orientaion marks were established by stabbing s needle through the
filter and agar in ap assymmetric pattern., The filter was thea
transferred to s glass dish containing 200 m1 of 0.5 M NaOH. After two
min the filter was transferred to a second glass dish containing 200 ml
of 1.0 M Tris-HC1, pH 7.5. The filter was neutralized for two w»in and
then placed on blotting paper to dry at room temperature.
Hybridization and wash procedures were done as described above., Two
strongly hybridizing phage, designated ANQL and AMQ2 (Table 1), were

identified and plaqﬁo purified three times.

Characterization of Charon 30 Genomic Clones. Phage DNA, isolated

by the 1liquid culture method (Maniatis et al., 1982), was analyzed by
endonuclease digestion with various restriction enzymes and by Southemrn
blot hybridization analyses. DNA was electrophoresed onm 0.7% sgarose
gels, stained with ethidium bromide (0.5 pg/ml) to localize DNA bands,
and transferred to Zetabind nylon membranes using 0.025 N sodium
phosphate buffer, pB 6.5. These blots were screencd with end-labelled
probe H at 55°C, probe 2B at 32°C, or nick translated (Rigby et al,,

1977) DNA from pAGl18 at 68°C.

clonin n » on 3 to Plasmid pSPRI.
Digestion of phages AMQl and AMQ2 with Sacl genmerated DNA fragments of
approximately 5.3 kb that strongly bybridized to probe H, probe 2B, and
nick trasnslated pAGi18, This Sacl fragment of phage AMQl was subcloned

into the Sacl site of plasmid pSPRI (Krystal et al., 1986), provided by
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Mark Krystal. Recombinant clomes were detected by electrophoresis of
undigested plasmid DNA on 0.7% egarose gels a 30 V for 18 bhr,
Undigested DNA samples migrating slower than undigested pSPRI vector
DNA were analyzed for inserts using restriction endonucleases.
Digestion of plasmid DNA with SacI followed by Southern blot
hybridization snalyses uvsing oligonucleotide B, 2B, or nick translated
plasmid DAG18 as described oarlier, identified two pSPRI clomes (pMQl
and pMQ2; Table 1) containing the 5.3 kb SacI fragmeant., Southern blot
hybridization analysis of Tagl digested plasmid DNA from pMQ1 and pNQ2,
using oligonucleotide H as a bhybridization probe, identified a strongly

hybridizing subfragment of approximately 1.2 kb,

Subcloning a 1,2 kb Tagql Genomic Fragment jnto Mijmpll.

Approximately 50 ug of DNA from plasmid pMQl, digested with Tagl, was
loaded into a preparative well (4 cm wide) and electropboresed on 1.7%
agarose gel at 150 V for 2.5 br, A portion of the lane (approxiamtely
10%) was excised from the gel, stained with ethidium bromide, and
photographed with a tuler along the edge. The 1.2 kb Tagl fragment was
identified and localized on the ruler. A DEAE cellulose membrane was
insorted 2 cm in front of the unstained portion of the gel conmtaining
the 1.2 kb Tagl fragment. Electrophoresis was continued at 200 V for 10
min, DNA was cluted from the membrane as described recommended by the
manufscturer. Specifically, the DEAE cellulose membrane was placed in
s 1.5 ml microcentrifuge tube with enough high salt buffer (0.15MN NaCl;
0.1 =M EDTA; 20 wmM Tris, pH 8) to cover the membrane, The tube was
spun for 5 seconds in a microcentrifuge to submerge the membrane, and
incubated at 68°C for 20 min with occasional svirling., The buffer was

removed with a pasteur pipette and the membrane washed with an
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sdditionsl 100 pl of high salt buffer. DNA was precipitated with 2.5
volumes of ethanol (20 min at -70°C) and precipitated with 0.3 M sodium
acetate to remove residuval NaCl. The purified Tagl fragment of 1.2 kb
vas subcloned into the Accl site of Mil3mpll (Messing, 1983) ia both

orientations,

Analysis of M13mpll Clones for the Charonm 30 Genomic Imsert. Mi3mpll

derivatives were analyzed for the presence of the 1.2 kb Tagl genomic

fragment from plasmid pMQl. The replicative form of Ml3mpll clones
were digested with Tagl and electrophoresed on 0.7% agarose gels. The
orientations of the Taql fragmeants of randomly chosen clones, was
detormined by the dideoxy sequencing method (Sanger et al., 1977).
Clones were designated mMQU (packeages the strand with the same sense as
message) and mMQL (packages the opposite strand, anti-message sense).
The polylinker regions of plasmid pSPRI and M13mpll were removed from
clone mMQU to eliminate the potential formation of a stem and loop
hairpin structure by the single stranded DNA. The replicative form of
DNA from clone mNQU was digested with Sacl, ligated with T4 ligase, and
transformed into E.coli strain JN103. DNA from Mi3mpll clones were
analyzed for the presence of BamHI and Smal restriction enzyme sites,
which are only preseat im the polylinker regions of pSPRI and Ml3mpll.
Clones which had lost the polylinker regions were designated =NQZ

(Table 1).

Nucleotide Sequencing of the Charon 30 Genomic Fragment. Deletion
clones of MNi3mpll derivatives, mMQU and mMQL, were generated by the

method of Dale et al, (1985). Deletion clones were sized by

electropbosresis of single stranded DNA on 0.7% agarose gels at 30 V for
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18 hr and compared to DNA from alNQU (undeleted 1.2 kb insert) and
N13mpll (mo insert). Seventeen deletion clones were sequenced by the
method of Samger ot al. (1977) using [a—”sldm. and the M13 universal
primer (17-mer) and the RD22 oligonucleotide. Five syathetic
oligonucleotide primers (Figs. 1, 2 and 24) were utilized to complete
the sequence not obtained from deletion mutants or to confirm sequence

already obtained.

Computer Anslyses of the Charon 30 Genomic Fragment. Overlapping

nucleotide sequences were aligned  wusing the MicroGenie program
(Beckman). DNA and amino acid homology searches were initially done
using FASTP and FASTN (Lipwan and Pearson, 1985) with the Protein
Identification Resource Protein Library (version 7) sand the GenBank
nucleotide sequence data bank (version 40), respectively. The data
base search was repeated using MNicroGenie with the September, 1986
releases of the GenBank and National Biomedical Research Foundation
data banks, 8ignal peptide protein structuvral snalysis and
hyd.rophilicity matrix analyses were performed using the MicroGenie
progranw, The region of homology flanking the ATG imitiation codon of
humsn lysosomal genes was detectod using MicroGenie. A compilation of
signal peptide sequences (Watsom, 1984) was used as a guide to obtaim
the corresponding nucleotide sequences of 42 human signal peptides.
Subsequently, the Quest routine of Bionet was used to generate a file
containing 133 human genes with complete nucleotide sequences of the
signal peptides, and these were examined for bomology to the human

alpha-galactosidase A signal peptide.
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RESULTS

Amino Acid Seguence of Alphs—Galactosidase A. Treatment of the

purified enzyme with N-glycanase, reduced the molecular weight of the
deglycosylated, monomeric enzyme from approximately 45,000 to
approximately 41,800 (Fig. 3). The amino acid composition snalyses of
tvo preparations of human slpha-galactosidase A were determined (Table
2). Based on an estimated subunit molecular weight of 41,800, it was
calculated that the alpha-galactosidase A subunit contains 370 amino
acids. Microsequencing of the mature enzyme provided amino-terminal
soquence of 23 residues (Fig. 1). In addition, two cyanogem bromide
and five tryptic peptides were subsequently sequenced, providing amino
acid sequence data for a total of 101 residues (approximately 27% of
the mature enzyme). Synthetic oligonucleotides were constructed based
on the sasmino acid sequence data in regions of low codon redundancy

(Fig. 1).

The first oligonucleotide mixturoe synthesized was 2A and 2B (2A/2B),
and each were comprised of four differeat 14-mers with a Tm range of
34°C to 40°C. Hybridization conditions were selected 5°C to 10°C below
the lowest Tm, and the stringency was increased during screening and
purification to identify clones that most likely had a perfect match to
one member of the oligonucleotide mixture, These conditions would be
expected to identify the authentic alpha-galactosidase A cDNA clone, as

well as cDNA clones, that, by chance, hybridized to one or more members
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Rig. 3. N-glycanase digestion of human lung alpha-galactosidase
A. Lanes 1 and 4, 1,0 pg each of the standards: phosphorylase b,
94,000; bovine serum aldbumin, 67,000; ovalbumin, 43,000; and csrbonic
anhydrase, 30,000. Lane 2, 0.40 pg of purified alpha-galactosidase A,
Lane 3, 0.34 ug deglycosylated alpha-gslactosidase A, The

deglycosylated enzyme migrated with an spparent molecular weight to
41,800 (from Calhoun et. sl., 198S8).
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Table 2. Amino scid composition of alpha-galactosidasse A,
Noles residues per mole subuait

Predicted
Prep Prep Average mature
Residue 1 2 integral no. protein
Asx 41.2 45.7 44 46
Thr 16.1 13 .4 1§ 11
Ser 24.2 21,7 23 21
Glx 38.9 35.8 37 3
Pro 19.1 18.4 19 18
Gly 28.9 29.8 29 30
Ala 25.8 27.2 27 28
Val 19.2 13.7 16 13
Met 7.4 8.7 8 13
Ile 15.3 18.8 17. 20
Leu 36.3 37.7 37 34
Tyr 15.9 14,3 15 15
Phe 14.9 14.3 15 15
His 7.0 9.0 8 6
Lys 16.1 5.1 16 16
Azg 18.7 15.5 17 17
Cys 9.1 9.6 9 12
Trp 14.9 13 .4 14 16

Amino acid composition analysis predicts s subunit molecular weight
of 41,800 with an estimated 370 amino acid residues per alpha-
galactosidase A monomer, This is compared to the amino acid
composition of the predicted mature protein (based on genomic
nucleotide sequence and carboxy—-terminal processing at smino acid 371
(Arg) of the propeptide, ses text). The molecular weight of the
predicted mature protein is 42,307 and contains 370 amino scids
residues,
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of the oligonucleotide mixture. Our ratiomsle was to select clones
with a second oligonucleotide mixture (i.0. 4) to eliminate spurious
clones from further analyses,. Subsequently, other syanthetic
oligonucleotide mixztures were constructed to various segments of the
peptide, since there was uncertainty to the identity of several amino
acid residues. This uncertainty was due to the limited quantities of
purified enzyme availadble for microsequencing. The human fibroblast
¢DNA 1ibrary of Okayama snd Berg (1983) was screened for clones with
sequences complementary to oligonucleotide mixture 2A/2B (Fig. 4). Upon
colony purification (Fig. 5) and rescreening, 20 transformants, named
pcD1-20, were identified, Restriction enzyme analyses of plasmid DNA
from clones pCD1-20 digested with Sall (Fig. 6), Pstl, BamHI, Haselll,
and Sap3Al indicated that the cDNA inserts ranged from 100 to 2500 base

pairs.

Southern Blot Hybridization Analyses of plasmids peD1-20. Southern

blot hybridization with [1-32Pl—1.bolled oligonucleotide mixture 2A/2B
to DNA from plasmids pcD1-20, digested separately with Sau3Al or
HaeIIl, revealed that these clomes did not share common restriction
fragments. Hybridization of these filters with [y—>2P]-labelled
oligonncleotide mixture 4 revesled binding to DNA from clome pcD1, but
not to DNA from clomes pcD2-pcD20. This result was confirmed by
duplicate Southern blot amalyses of DNA from clome pcD1 digested with
BaeIll or Sau3Al hybridized to [7-32P]-1|bollcd oligonucleotide
mixtures 2A/2B or 4 (Fig. 7). This experiment indicated that
oligonucleotide 2A/2B and 4 bybridized to the same HaelIl and Sav3Al

fragments,
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Fig, 4. Screening of the Okayama and Berg (1983) cDNA
l1ibrary, Panels A and B are sutoradiographs obtained after exposure to
filters washed at 250C or 280C, respectively. Arrows indicate colonies
which were chosen for purification. The arrows in panel C show some of
the single colonies selected for further analyses. Panel D shows
hybridization with oligonucleotide 2A/2B at 250C (H., Bernstein,
unpublished) to a Agt7 genomic library (Simiscalco et al,, 1982),
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Rig. &§. Purification of e¢lome pcDl1. Panel A shows an
sutoradiograph after hybridization with [y-32P])~1abelled
oligonucleotide mixture 2A/2B (Fig. 1) at 280C, Panel B sbows an
sutoradiograph of a parallel experiment to oclone poD19, s purified
negative control, Filters were exposed to Kodak XAR films at -700C for
18 h. Culture was considered pure when every colony on the filter
hybridized to the oligonucleotide. Arrow idicates a well isolated
single colony selected for subsequent experiments,
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Fig. 6. Sall restriction eniyme analysis of plasmids pcD1-10,
Lanes 1-10; pcD1-10 DNA digested with SalI., Lanes 11-13; molecular
weight markers of lambda DNA digested with EcoRI, BindIII, and Pstl,

respectively. Arrows indicate (in kb) size of corresponding DNA
fragment,
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Pasel A Panel B

Probe 2A/2B Probe 4 Probe 2A/2B Prodbe 4

Fig. 1. Southern blot analyses of pcD1 digested with Ssu3Al
(8) or HaeIII (H). Panel A shows parsllel lanes of s 1,.7% agarose gel
stained with ethidium bromid before Southern blot analysis. Panel B
shows the autoradiographs after transfer and hybridizstion to probe

2A/2B at 250C or probe 4 at 280C. The $au3Al restriction enzyme digest
of poD1 identified s band of approximately 400 nucleotides and the

Haelll restriction enzyme digest identified a band of approximately 150
nucleotides that bound both probes.




46.

Additional

Southern blot hybridization analysis of BamHI digested pcD1 plasmid DNA
revealed a 411 bdase pair fragment which showed hybdbridization to
oligonucleotide mixtures 2A/2B and 4. This 411 base pair fragment was
cloned into N13mp7 and sequenced by the method of Sanger et al. (1977)
to determine if it encoded the known amino terminal amino acid
sequence, It was found that the BamHI fragment from clome pcDl had a
13 of 14 base pair match to one member of oligonucleotide mixture 2A/2B
and 8 12 of 14 base pair match to one member of oligonucleotide mixture
4 (Fig. 8). Using the empirical formula of Wallace (1981), minus 10°c
for an internal mismatch, the estimated Tm for plasmid pcDl with the
most homologous member of oligonucleotide mixtures 2A/2B and 4 were
24°C and 30°c, respectively. This result illustrates am inherent
limitation of the mixed oligonucleotide approach for screening
librsries, since it is impossible to distinguish between a perfect
match with an A-T rich sequence, compared to a partial match to a G-C
rich sequence. We interpreted these results to indicate that an
authentic full length alpha—galactosidase A cDNA clone was not detected
by oligonucleotide mixture 2A/2B during the screening procedure and the

library was rescreened.

Rescreening the Okayama and Berg ¢DNA Library at_Increased

Stringency. The cDNA 1library of Okayams and Berg (1983) was
rescreened at the increased stringency of 31°C with [1-32Pl-lnbelled
oligonucleotide mixtures 2A/2B. One transformant, designated pcD21,

vas identified that hybridized to probe 2A/2B at 34°C following colony
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1 20 40 60
3= GBQTCCBBTOGTOBTSChhhTCAAhthCTGCTCCTCABTBGATBTTGCCTTT“CYTCTh

80 100 120
GBCCTBTQCGBQAGTGTThCTTCTGCTCTQAAABCTBCTBCQBBBGOBBBBBBBBBBQCA

140 160 180
BCACTCBAOGATBkCATOBQOTCCCRBCTBGACBBCTCCCTCATC?CACBGCBBBCAB:I

200 220 240
TATBTBTBACCT9BhCACAGACAGABACQBABCCABBTCCGBCCCTCCTBCCCCCBACCY
ATACACATTGEA
------- 4---- PROBE 2A/2B

260 2080 300

BACCACBCCGBCCTGGBTTTC&BBCTBBTTGBACTTBTTCOTCTBBACBACACTBBAGTG

320 340 360
GAACQCTGCCTCCCQCTfTCTTBSBAC?TBBABBBABBTBBAACGBCﬁCACTBGACTTCT

. 380 400
CCCBTCTCTABBBCTECATBBEBABCCCCEEE6ABCTGABTGBTBEBEATCE -3
ACCBACBTAACCCT
$ommomee- #---- PROBE 4

Fig. 8, Nucleotide sequence of the oDNA of plasmid pcDil.
Duplicate Soutbern blot analysis revealed that s 411 nucleotide BamAI
fragment bound oligonucleotide mixture 2A/2B st 250C and
oligonucleotide mixture 4 at 280C (Fig. 7). This fragment was cloned
into MN13mp7 and the complete nucleotide sequence is shown,
Complementary sequences were identified in the nucleotide sequence of
pcDl with a 13 of 14 base pair match to one member of oligonuoleotide
mixure 2A/2B and s 12 of 14 base pair match to one member of
oligonucleotide mixture 4. The dashed (—) line indicates a match and
the asterick (®) indicates a mismatch in the sequence.
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purification and rebybridizatioa. Southern dlot hybridization analysis
of clone pcD21 digested with several restriction enzymes, revealed a
220 nucleotide BipfI-HeeIII fragment which hybridized to probe 2A/2B.
Subsequent nucleotide sequence of this 220 base pair fragment by the
method of Maxam and Gildbert (1980), indicated s perfect mstch to ome
member of oligonucleotide mixture 2A/2B (Fig. 9), with a calculated Tm
of 38°C. However, the flanking nucleotides of clome pcD21 did not
correspond to the known amino acid codons for human alpha-galactosidase
A, This result illustrates anotber limitation of the mixed
oligonucleotide approach for screening 1libraries, specifically,
undesired clones with a perfect match to a mewber of the
oligonucleotide mixture can be selected., Althoogh these first two
clones selected from the Okayama and Berg library were mot authemtic,
the resvlts did provide evidence that the techniques vsed were adequate
to identify the desired clone if it were present and well isolated, In
addition, plasmids pcD1 and pcD21 provided internal controls for

subsequent screenings using oligonucleotide 2A/2B.

creening of ) and 9 Gen ibraries. The mouse-human X
chromosome Agt7 phage 1library (Simescalco ot al., 1982) was screened
using oligonucleotide mixture 2A/2B at 28°C, and 10 positive clones
were identified and plaque purified., Restriction enzyme analysis of
these pbage indicated that the insert sizes ranged from 6.8 kb to 9.6
kb. Duplicate Southern hybridization analyses of these 10 EcoRI
digested Agt7 phage to probes 2A/2B and 4, indicated that only one
pbage sbowed positive hybridization signals to both probes, However,

st 31°C, the hybridization signals to both oligonucleotides became
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A,
alpha- 18 20
salactosidase A 'l'rpl.onlh'l‘rpﬂlunl’holotC{oA.ﬂ.onA:pC{sGlnGlnGluPto
T xxxxx HUHUIHWIXHI 32 x x
poD21 AlaSexAspGlyArgAsnPheMexrCysAsnLeuSexrCysThrThrLeuPhe
B,
peD21 GGCTAGTGACGGTAGGAATTTCATGT GTAACCTAAGAACAACTCTCTTCA
CCGATCACTGCCATCCTTAAAGTACACATTGGATTCTTGTTGAGAGAAGT
YT
Ta= 38°C

Pig. 9. Nucleotide sequence of the ¢DNA of plasmid pcD21. Shown
is & portion of the nucleotide sequence (B) flanking the probe 2B
complemoentary region (*%¢) of plassid pcD21. The calculated Tm for
this perfect matoh is 38 C. Beneath the amino terminasl amino scid
sequence of alpha- gslactosidase A is shown the deduced smino scid
sequence from the nucleotide sequence of pcD21 (A). A mastch in the
samino acid sequence is indicated by verticsl bars (lll) and & mismatch
by an X betweon the two residues.
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faint for this clone. Also, when phage DNA from this clone was tested
in Southern blot apalysis using oligomucleotide 1A/1B (Fig. 1) at 51°C,
no hybridization to this probe was detected evea thongh the most A-T
rich member (Tm range 57°C to 62°C) of the oligonucleotide mixture
would bind at this temperature. Therefore, the clome was mot studied
further,

The flow-sorted, human X chromosome A1059 1library (H.J. Cooke,
unpublished) was screened for phage containing sequences complementary
to [1-32P]—llbelled oligonucleotide mizture 1A/1B st 51°C, and two
positive phage (AC1 and AC2) were identified (Fig. 10). These phage
did not bybridize to oligonucleotides 2A/2B or 4 with subsequent
Southern blot analysis. For this reason, clones AC1 and AC2 were not

characterized further,

Oligonucleotide Primer Extensjon of =mRNA, Oligonucleotide

mixtures 2A and 2B were used to separately to prime reverse
transcriptase in the presence of mRNA from HeLs and KNH3 cells, Three
ma jor extension products were detected using mixture 2B, but nome were
seen with mixture 2A tested in parallel. The nucleotide sequence of
the three major cDNA products indicated that they did mot correspond to
the bhuman alpha-galactosidase A =RNA, Similarly, the nuse of
[1-32Pl-lnbellod oligonucleotide mixture 4 as a primer for HeLa or KNH3
mENA yielded three major cDNA products along with several less intense
bands. The pucleotide sequence analysis of these major cDNA products
indicated that they were not synthesized from the human
alpha-galactosidase A mRNA, since the predicted amino acid sequence

differed from that obtained from the purified enzyme., Primer extension
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Fig. 10. Southern blot analysis of phage isolated from the
A1059 genomic library (Cooke, unpublished). The left and right panels
show phage DNA digested with EcoRI (E) or BamHI (B), rupoctivo‘l,y.
Both filters were hybridized to oligonucleotide mixture 1A/1B at 51 C,
Lanes 2-7 contain phage DNA, and lanes 8-9 contain molecular weight
markers of A DNA digested with HindIII and Pstl, respectively. Arrows
indicate size (in kb) of DNA band migrsting at that position. Two
strongly bybridizing phage (lanes 6-7) were identified and designated
AC1 and AC2., One weakly hybridizing band was seen in both blots (sece
arrov), however, this was considered too faint at $1°C for further
analysis.
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using oligonucleotide mixture § (32 different 17-mers) resulted in a
complex mixture of ¢DNA products that were mnot suitable for DNA

sequence analysis,

lation d terizatjon of P ¢D clones. A
Agtll cDNA expression library derived from human liver and containing
1.4X 107 independent clones, was screened using the antibody detection
method (Calhoun et al., 1985). Four antibody-positive clones were
isolated (designated AAG2, 2AGl4, AAG1S5, and 2AAG18). Of the four
clones, only AAG18 showed positive hybridizatiom im Southern blot
analyses to oligonucleotide mixtures 1A/1B, 2A/2B, and 3, The size
estimate of the EcoRI insert of AAG18 was 1250 base pairs, sufficient

to encode the entire mature enzyme subunit (370 amino acids).

Initial Nucleotide Sequence Anslyses of Plasmid pAG18. The EcoRI
¢DNA insert of clone AAGl8 was subcloned to plasmid pBR322, and DNA

from this clone, designated plasmid pAG18, was used directly as a
template for nucleotide sequence analysis. Vhen [1-32P]-1abolled
oligonucleotide mixure 2B was used to prime the Klenow fragment of DNA
polymerase I using heat denatured plasmid pAG18 DNA as a template and
the dideoxy sequencing protocol of Sanger et al. (1977), a readabdble
sequence was obtained, Howvever, no discrete extension products were
detected when oligonucleotide mixture 2A was used as a primer in
parallel reactions., The DNA sequence obtained using oligomucleotide
mixture 2B as s primer predicted the knmown amino terminal amino acid
sequence for alpha-galactosidase A (Fig. 11)., This nucleotide region
of clone pAG18 was confirmed (Petros Hantiopoulos, Ph.D. thesis) using

the chemical method of Maxam and Gilbert (1980)., This identified AAG18
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ss an asuthentic buman alpba-galactosidase A cDNA clome, and justified
sn effort to obtain the aucleotide sequence of the complete 1250

nucleotide EcoRI oDNA segment,

Nucleotide Seguemce Asalysis of the cDNA from P G18. Fig. 12
shows the strategy for sequencing the cDNA from phage AAG18 using a set
of deletion subclones derived from the full length imsert clomed to
M13mp18 in both orientations., Fig. 13 shows an sutoradiograph obtained
as & part of the sequencing project, which was a concerted offort (P,
Hantzopoulos, H, Bernstein, and M Quinn)., The sequence was confirmed
in its entirety on both strands from the deletion derivatives (Figs.
12, 13), with the exception of a short segment {(nucleotides 939-1004)
on the message strand that was sequenced by primer eoxtension using a
synthetic oligonucleotide (17-mer). Other regions, including the 3'-
and 5'- ends, were confimed by primer extension of pAG18 and by Maxam
and Gilbert analysis as described (Bishop et al., 1986).

The complete 1226 nucleotide sequence of the alpha-galactosidase A
¢DNA obtsined from phage AAG18 and its deduced amino acid sequence are
shown in Fig. 14. This sequence contains an open reading frame from
positions -15 to 1194 followed by a TAA termination codon. A poly(A)+
tail of 12 nucleotides immediately follows the termimation codon. Two
hexanucleotide poly(A)+ asddition signals, AATACA and ATTAAA, are
located 28 and 11 anucleotides prior to the TAA stop codon,
respectively. In addition, the putative U4 small nuclear
ribonucleoprotein recognition sequence, CAGCT, which may be involved
polyadenylation (Berget, 1984), is present 38 nucleotides upstream of

the stop codon., The absence of a 3'- untranslated region was also
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1 s 10 18 20

LeuAspAsaGlyLeuAlaArgThsProThriNetGlyTspLeuBisTrpGluArgPheMe tCysAsaLen
CUNGAQAAQGGNCUNGCNCGNACNCCNACNAUGGGNUGGCUNCAQUGGGAPCGNUUQAUGUGQAAQCUN
oup UUP AGP P AGP oupP

3 ' CTGGACAATGGATTGGCAAGGACGCCTACCATGGGCTGGCTGCACTGGGAGAG 3° G G
GACCTGTTACCTAACCGTTCCTGCGGATGGTACCCGACCGACGTGACCCTCTC AAGTACAC TT GA
A A
[ I
PROBE 2B

3 5!

Fig. 11, Nucleotide sequence of the 5'-end of the cDNA of plasmid
pAG18., The top line shows the first 23 amino acids of the smino
terminal alpha-galactosidase A protein. Boneath the amino acid
sequence, the possible mnucleotide codons are shown for comparisoa to
the nucleotide data (Q= C or T; N= any base; P =A or G).
Oligonucleotide mixture 2B (4 different 14-mer), corresponding to amino
acid 19 to 23, was end-labelled with [y-32P]4ATP and used to prime heat
denature DNA from plasmid pAG1S in the presence of the klemow fragment
of DNA polymerase I and dideoxy nucleotides (see Methods). The
nucleotide sequence read from the sequencing gel is shown (arrow
designates the direction of the sequence reaction when priming with

probe 2B), The nucleotide sequence was colinear with the amino acid
sequence,
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Fis. 12. Strategy for sequencing the slpha-galactosidsse A

cDNA. M13mp18 clones M25 and N27 package the entire message and
complementsry strands, respectively, from AAG1S oDNA RI insert,
Fall length clones were used to gonerate deletion clones (o.g. 25,21
and 27,18) and the entire length of each deletion clone is shown; heavy
arrows indicate the extent and direction of the sequence determined per
clone, Arrows originating from verticsl bars designate sequence data
obtained by the enzymatic method of Sanger et al, (1977) using the MN13
vniversal primers and sequence dats obtained from synthetic internal
oligonucleotides are shown with solid squares. Arrows originsting from
closed circles indicate sequence obtained by the chemical method of
Maxam and Gilbert (1980), Figure taken from Bishop et al., 1986,




Fig. 13. Autorsdiograph of a sequencing gel of clome M25.28,
The sequence was obtained by the enzymatic metbod of Sanger et al.
(1977) wusing tbhe MN13 universal primer (17-mer). The sequence
reads from bottom to top, 5'— AAACTGTCACAGTAACAACCATCAAATTTTAGCAGATCTA

CTCCCCAGTCAGCAAAGGTCTGGGCATCAATGTCGTAGTATCCAAAACTCCCAGGGAGCCTGCGCAGGTT
TTTATTICC -3°'.




Amino

smino acids.,

et al,, 1986.

-1t € CCT 088 6T MA A
-3 Pre Giy Ale Arg Alg
1 CT6 GAC AAT GGA TTE OCA AOC ACS CCT ACC ATS GEC TS CTE CAC THE GAS COC TTC ATE TEC AAC CTT GAC TEC CAS GAA 046 CCA GAY
1 Lev Asp Asa Gly Lev Als Arg Th¢ Pre The Mot Gly Trp Law His Trp Gle Arg Phe et Cye Ass Low Acp Cys 6la Sle Siv Pre Asp
. See Are
L :
1 TCC TOC ATC AST GAS AAG CTC TTC ATS GAS ATS OCA GAS CTC ATS STC TCA GAA GOC T8 AAS GAT OCA G5T TAT GAS TaC CIC TOC ATY
I Ser Cys 11e Ser Gle Lys Lov Phe Mat Slv Met Als Slu Lov et Val Ser Gle Cly Tep Lys Asp Als Siy Tyr Gle Tyt Low Cpv Lo
1 1 Ser
101 GAT GAC TET TES ATE OCT CCC CAA AGA GAT TCA GAA 0OC AGA CTT CAS GCA GAC CCT Cag COC TTT CLT CAT 088 ATY COC CAS CTA OCF
41 Asp Asp Cys Tep Met Ala Pre 81n Arg Asp Ser Glu 81y Arg Lev Gla Ala Asp Pre Gla Asy Phe Pre Bie Siy Jle Arg Gle Lee Als
271 AAT TAT GTT CAC AGC AAA OGA CTG AAG CTA 088 A. TAT GCA GAT 1T GSA AAT AMA ACC TUC 6CA GOC TTC CCT 088 ACT TTT ORA TAC
91 Ase Tyr Vel Nis Ser Lys Gly Lew Lys Lew Siy Lle Tys Als Asp Val Sly Asa Lys The Cys Als Sly Phe Pre Sly Ser. Phe Siy Tyo
CIP ———snes
361  TAC GAC ATT GAT OCC CAS ACC TTT GCT GAC TOS GBA GTA GAT CTE CTA AAA TTT GAT 08T TET TAC TEY GAC AT TTE GAA AAT TTS OCA
121 Tyc Asp 1le Aep Als €in The Phe Ale Asp Tep Gly Vel Asp Lou 2eu Lye Phe Asp Sly Cys Tyr Cye Asp Sec Low 8ls Asa lavw Ads
1
431 GAT CGT TAT AAG CAC ATG TCC TT6 OCC CTC AT AOS ACT 6OC AGA AGC ATT €76 TAC TCC 76T GAG Tas CCY CTT TAT ATE 990 OCC TIT
191 Asp Gly Tyr Lys Nie Met Ser Lev Als Lev Aen Acrg Tht Gly Arq Sez lie Val Tyr et Cys Glv Trp Pre Lew Tyr Mot Trp Pre Phe
$0 cumcccmlufmuu'unmcmrmmuvmmmutmmmnnulufmmwmnumm
181 GIn Lys Pre Asa Tyr Thr Glv 11e Atq Cla Tys Cys Asa His Trp Atq Asa Phe Ala Asp 1le A‘-u»m '.lv Lys Bec tle Lys Ser
[~ X 11
-0
€31 ATC TTGC GAC TCG ACA TCY TTT AAC CAG GAG AGA ATY GTT GAT GTY GCT OCA CCA OGG OGT TGG AAT GAC CCA GAT ATS TTA GTG ATT OOC
211 1le Lov Asp Trp The Sac Phe Asn Gla Glu Arg lle Val Asp Vel Ala Gly Pre Gly Gly Trp Asa Asp Pre Asp Mot Lew Val tie Gly

721 AAC TTT GGC CTC AGC TGG AAT CAG CAA GTA ACT CAG ATG OCC CTC TG GCT ATC ATG 6CT 6CT CCT TTA TIC AT TCT AAT GAC CTC CCA
241 Asa Phe Cly Lev Ser Tep Asa Gl Gln Vol The Gla et Ala Lew Yrp Als 1le et Ale Ale Pre Lew Phe Wt ::l Asa Asp Lev Arg
.

D) ————
011 CAC ATC AGC CCT CAA GCC AAA OCT CTC CTT CAS GAT AAG GAC GTA ATT 6CC ATC AAY CAS GAC CCC TTS GOC AAS CAA 680 TAC CAS CTT
271 uis lle Ser Pre Gla Als Lys Als Lav Lew 8la Asp Lys Asp Val 1le Ala 1le Asa Cla Asp Pro Lo 6ly Lye 81a G)y Tyr 6in Lae

x N Arg eis
2-838 d

901 AGA CAG GGA GAC AAC TTT GAA G10 TG GAA CGA CT CTC
301 Arg Cla Gly Aep Asa Phe Gle Val Tep Gle Azg Pre Lev Ser Gly lee Als Trp
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991 CCT CGC TCT TAT ACC ATC 6CA GTT OCT TCC CTO
331 Pre Azq Ser Tyr Thr 1le Ala Vol Ale Ser Lew 81y Lys Sly Vol Als Cys As
AGG

1081 AGG AMG CTA GGG TTC TAT GAA TGG ALT TCA

363 Arg Lys Lew Gly Phe Tyr Glu Trp Thr Ser Arg Lew Azg Ser Nis Ile Asa Pre Ths Cly Thr Vel S1n Lov Glu Ash The Met
'-n—;__ CR smmmmsrmn,
-8

1171 €AG ATG TCA TTA AAA GAC TTA

CTT TAAAAAAAAMALMA
391 6la Mt Se¢ Lov Lys Asp Lev Lew Tes

Fig. 14, Combined nvcleotide and
the AAG18 cDNA sequence encoding

microsequencing of the mature protein,
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predicted amino scid sequesnces of
the alpha-galactosidase A propeptide.
acid 1 is assigned to the smino termiamal zesidue determined from

Nucleotides -17 to -1 enmcode

the five carboxy terminal amino acids of the signal peptide. Bold

underlines indicate confirmed amino acid se ueno
cysnogen bromide (CB) peptides. ¢ Sotvess hs oreds

amino acids and the microsequenced are shown;

indicate the poly(A) signals AATACA and ATTAAA,
postulated in U4 small nuclear RNA binding.

Discrepancies between the predicted
X denotes unidentified
CHO denotes poteantial N-glycosylation sites. Overlines
and the CAGCT site
Figure taken from Bishop
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seen in an independently isolated alpha-galactosidase A cDNA clome from

buman lung (Bishop et al., 1986).

Predicted Amino Acid Sequence of Alpha-Galectosidase A. The c¢DNA

includes an open reading frame of 1194 nucleotides that emcodes 398
amino acids corresponding to s predicted molecular weight of 45,346.
Nucleotide positions 1-3 were assigned to the amino-terminal leucine
residue of the microsequenced mature enzyme. The nucleotide sequence
agrees with 86 of 100 amino acid residues determined by microsequencing
of five tryptic peptides, omne cyanogen bromide poptide, and the
amino-terminal sequence of the homogeneous protein. MNinor differences
were observed between the amino acid sequences and those predicted from
the cDNA sequence (shown in Fig. 14), presumably, due to the limited
quantities of protein available for microsequencing. Also shown in
Fig. 14 are the four possible glycosylation sites (Asn-Xxx-Ser/Thr) for

asparagine-linked oligosaccharides at ssparagine residues.

Protein Structural Analysis of Alpha-Gaslactosjdase A. The protein

structural analysis of the alpha-galactosidase A peptide (398 amino
acids) is shown in Fig. 15. Alpha helix regions of 10 or more residues
are located at positions 31-50, 146-155, 253-267, 275-284, and 385-398.
The longest beta sheot regions found are three stretches of 7 residues
located at positions 234-240, 334-340, and 351-357. Possibdle
N-glycosylation sites are located at beta turns as expected for surface

localization,
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anslysis of human alpha-galactosidase
Stretches of 310 or more alpha helices

The three longest beta sheets (B) are dotted and

Proteina structural

Rig, 18,
A propeptide of 398 amino acids.

(A) are underlined.

g at beta tumns (T) are

the four possible N-glycosylation sites occurin

overlined,
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Restrjotjon the Al lg0t + The
restriction enzyme analysis of of the cDNA from phage AAgl8 encoding
alpha-galactosidase A, generated by the MicroGenie program, is shown in
Fig. 16. The entire sequeace is shown with the enzyme site listed
beneath the numbered nucleotide sequence. The numbering systes is the

same as that used in Fig. 14,

Isolation of Genomic Clomes from a Chsron 30 Library. A Charon 30
library derived from human genmomic 4X lymphoblastic DNA (Wood et al.,

1984) was screened using a synthetic oligonucleotide probe (prode H;
Fig. 2) which has a sequence derived from the cDNA of phage AAG1S8.
Probe R corresponds to the last six nucleotides encoding the signal
peptide and the first seventeenm nucleotides coding for the mature
enzyme, Since the AAG18 cDNA clone, and other clones subsequently
isolated, did not encode the complete signal peptide, an immediate
priority was to derive this information from & genomic clone., In
addition, the promoter and otber regulatory regions of interest would
most likely be present in genomic clomes isolated with prodbe H,
Approximately 1.5 X 10’ plaque forming units of the Charon 30
library were screened and two positive clones, designated ANQ1 and
ANQ2, were identified snd plaque purified tbree times (Fig. 17). DNA
from these two phage specifically hybridized in Southern blot analyses
to probe H, probe 2B (corresponding to amino acids 19 to 23 of the

mature enzyme; Fig. 1), and to nick translated plasmid pAG1S8,
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Fig. 16. Restriction enzyme sites of alpha—galactosidsse A cDNA.
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beneath the nucleotide sequonce, Nucleotide numbers are the ssme a3
used in Fig, 14,
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Fig. 17. Detection of alpha-galactosidase A genomic clomes. ANQL
was identified with end-labelled probe H, s 23-base long prode
(5 ' ~AGAGCACTGGACAATGGATTGOC-3') based om the 1last six anucleotides
encoding the signal sequesce and the first seventeem nucleotides
encoding the Ilt!s& enzyme (Fig. 14), Panel A depicts the
hybridization of [y-""P}-labelled probe H to plaques of ANQlL at the
third cycle of plaque purificatin, Panel B shows a purified negative
control processed inm parallel that contaimed approzimstely 100 plaques.
Esch purificstion comsisted of seslection of a well-isolated positive
plaque determined by probe H hybridizatios followed by replating at a
density of less tham 50 plaque forming units per plate. Arrows
indicate filter orientation marks. Exposure times for filters A and B
with one intensifying screem were 3.5 and 17 hr, respectively,




63.

ANQ2. The steps used to generate alpha-galactosidase A genomic
sucleotide sequence from M13mpll subclones are indicated ia Fig. 18, A
single Sacl fragment derived from genomic clomes ANQl and ANQ2
specifically hybridized in Southexn blots to prode H, prodbe 2B, and
nick translated pAG18., Fig. 19 shows restriction en:yme digestion and
Southern blot analysis of these clones. A Sacl fragment of
approximately 5.3 kb from ANMQ1 (Fig. 19, lane 8) was subolonmed to
plasmid pSPRI generating plasmids pMQl and pMQ2 (Fig. 19, lanes 6 and
7, respectively). Digestion of AMQL DNA with TagI revealed a genomic
fragment of approximately 1.8 kb (Fig. 19, lane 3), Digestion of
plasmids pNQ1 end pMQ2 with Tagl revealed the presence of & 1.2 kb
fragment that bound oligonucleotide H (Fig. 19, lanes 1 and 2). This
results from one internal Tagl site within the genomic alphe-
galactosidase A 5.3 kb Sacl fragment and a Tagl site preseant in the
polylinker region of pSPRI (22 nucleotides from a Sacl site in the
genomic fragment), This 1.2 kb Tagl fragment from clone pMQl was then
subcloned to the Accl site of Mi3mpll, M13 derivatives were analyzed
for inserts by digestion of phage DNA with Tagl and electrophoresis on
agarose gols (Fig. 20). Clones with the inmsert in both orieantations
were obtained and designated mMQU (packages the strand with the same
sense as message RNA) and mMQL (packages the anti-message RNA sense

strand).

Deletion Subclonin nd Seguencin trate of 8 Genomic Fragment
from Clone ANQl. The method of Dale et sl. (1985) was used to generate

seventeen deletion subclones for nucleotide sequence analysis,
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Fig. 18, Cloning strategy for sequencing the gemomic fragmeamt
from phage ANQ1. A 5.3 kb Sacl fragment from ANQl was subcloned to the
SacI site of plasmid pSPRI, and named pNQl. Clomes were identified by
Sacl digestion of plasmid DNA and by Southerm blot analysis (Fig. 19),
A Tagl band of 1.265 kb from pMQl was obtained by electroelution of the
DNA fragment to DEAE cellulose membrane, and was subolomed to the Accl
site of MN13mpll. Clomes with the insert in both orientations were
obtained and designated mMQU (psckages the strand with the same sense
as message) and mMQL (packages the anti-message strand)., The solid box
of mNQU and mNQL represents the 22 base pair polylinker region of pSPRI
which was removed from clone mMQU (designated mMQZ; Table 1) for
sequencing purposes (Figs. 22 and 23),
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Fig. 19, Southern blot analysis of alpha-galactosidase A genomic
clones., DNA was electrophoresed on a 0.7% agarose gel and transferred
to Zetsbind nylon membrane as described ia MNethods, Subclones were
bybridized to probe H (Fig. 2) at 550C, Lanes 1 and 2; §acl and Tag
double digest of plasmids pMQl end pMQ2, respectively. Lane 3; Tagl
digest of pMQl. Lane 4; Tagl digest of plasmid pSPRI, Lane §;
molecular weight markers of )\ DNA digested with HindIII, Lanes 6 and
7; Secl digest of AMQ1 and AMQ2, respectively. Lane 8; SacIl digest of
pNQl. Lane 9; SacI digest of Agt7 and lane 10; PstlI digest of
pUC9-18-5 (Table 1) contsiming slpha-galactosidase A cDNA insert as a
hybridization positive control, Tic sarks on the left indicate DNA
sizes (in Xb) of positive restriction fragments,



66.

Tag |
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Rig. 20. Tagl restriction enzyme snalysis of MNl3mpll
derivatives., MN13mpll subclomes were analyzed for the presence of the
1.2 kb genomic fragment from plasmid pMQl by digestionm of DNA with Tagl
followed by eclectrophoresis on 0.7% agarose gols. Lanes 1-4; Tagl
digestion of M13 subclomes. Lane §; Tagl digestion of plasmid pMQl,
The arrow indicates the 1.2 kb genomic fragment from plasmid pMQl which
bybridizes to probe H (Fig. 18). The 1.2 kb Tagl insert can be secen in
lane 1, and subsequent sequence analysis revealed that this clome
(designated mMQL; Tadble 1), packages the strand with complementary
sequence to the message.
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Preliminary size estimates of deletion oclones were determined by
electrophoresis of single stranded phage DNA on agarose gels (Fig. 21).
Five synthetic oligonucleotides (Figs. 1, 2) were designed to genmerate
sequence in regioms not covered by deletion subclones. The overall
sequencing strategy is depicted ia Fig. 22.

Interestingly, mno sequence information was obtained from the
undeleted mMQU clone using the M13 universal primer (17-mer). However,
sequence data was obtasined from mNQU using probe H as an internal
primer. Perusal of the polylinker nucleotide sequence from pSPRI and
M13mpll identified an inverted repest. Single stranded DNA from clone
nlQU could potentially form a stem and loop structure with a calculated
AG= -71.4 (Fig. 23). To remove the polylinker regions from pSPRI and
N13mp1l, the replicative form of clone =mMQU was digested with Sacl,
ligated with T4 DNA 1ligase, snd transformed into strain JN103
(generating clone mMQZ; Fig. 24). It is postulated that the Klenow
fragment of DNA polymerase I was able to move freely along the single
stranded DNA of clone =mMQZ without obstruction from a secondary

structure due to the removal of the potential stem and loop region.

Nucleot e e lysis o lpha-Galactosidsse A Genomic
Fragment. The seventeen deletion subclones previously described (Fig.
22) were sequenced by the Sanger method (1977) wusing the M13 (17-mer)
and RD22 universal primers. Tbe complete sequence of 1243 nucleotides
(Fig. 25) was sequence in its entirety from both strands with the
exception of the first 95 nucleotides of the message sense strand. The

genomic sequence from position 1021 to 1138 was identical to the
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Deletion
Clones

123456

Fig, 21, 8ize analysis of single stranded DNA from deletion
derivatives of clone mNQL, BEach lane contasins two bands, corresponding
to the circular (upper) and linear (lower) forms of the single stranded
viral DNA, Lane 2 contsins M13mpll with 2o insert and lane 6 contains
mNQL with no deletion. Lanes 1, 3, 4, and 5 contain deletion clones
that subsequently proved to have deletions of 132, 908, 886, and 278
nucleotides, respectively (determined by sequence analysis), The arrow
on the right indicates the fastest migrating linear band of M1l3mpll and

the arrow on the left indicates the slowest migrating linear band of
mMQL
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SEQUENCING STRATEGY

——ad
decccnsceccans -
E X I PTY Y R Y Y P Y Y Y Ry Y Y -9
-cdl
®cccace -
fwsassanvan -9
—ee )
1 1 L1 1 1 | | ) . . |
200 400 600 800 1000 1200
5'—= 3’ Top strand F—EXON—4-INTRON....,
3 «-- 5 Bottom strond
¢ Universol primers : 2
% Interncl primers CAP ATG

— } 4
(GAYy, REPEAY ELEMENTS

Fig. 22, Strategy for sequencing the alpha-galactosidase A
genomic segment. The diagram shows the strategy for sequencing the
1265 nucleotide Tagl fragment from phage ANQl. This fragment was
sabcloned into N1i3mpll in both oriemtstioms for sequence analysis using
the method of Sanger et al, (1977). Deletion clones with the end
points indicated by the closed circles were generated using the method
of Dale et al. (1985). 1Ia order to fill gaps in the sequence obtained
from deletion clomes, specific oligonucleotides were synthesized to
prime the undeleted Ml3mpll clones at sites indicated by astericks. The
roler indicates position by nucleotide (see Fig. 25). Some relevant
festures are indicated in the lower part of the figure, including the
positions of the GA-rich sequence, the repeat elements flanking the
promoter, the CAP site, the ATG jinitiationm codon, the sigmal peptide
(open box), the smino termimal amino acid sequence (hatched box), and
the first eoxon-introm junction. The 22 base pairs extending from
position 1243 to the Tagl site at position 1265, which are derived from
the polylinker of the pSPRI vector, are not shown im Figs. 22 and 23.
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A, B.

oc SacI EcoRX
6C s’ ——em——~GAGCTCGAATTC——~~—~—~3 '
GC Genomic {(— Nl13mp1ll
CG alpha-galactosidase A 3' s
CG
Co
GC Clone mlQZ
(<]
TA
Ca
GC
AT EcoRI
§ ! —————=GCGAATTC—~———————3 !
{— M13mpii
3 s

Cloae =MQU

Fig. 23. Poteatial stem and loop structure of single stranded DNA
from clone mlQU, The order of the inverted restriction enzyme sites
from plasmid pSPRI and MN13mpll is: SacI-SmpI-BapHI-AcoI-XbpI-AccI-
BapHI-SmsI~-83cI. The 25 base pair region from the polylinmker regions
of pSPRI and M13mpll contain 17 G-C pairs with a calculated AG= -71.4
(A). The arrow indicstes the binding region of the M13 universal primer
(17-wer) and the direction, S5'- to 3'-, of the dideoxy sequence
reaction, Sacl restriction enzyme digestion followed by ligation with
T4 DNA 1ligase removed this inverted repeat rogion (B; clone mNQZ).
Clones were screemed for the presence of Sacl and EcoRI sestriction
enzywe sites and tbo loss of Smal and BamHI restriction enzyme sites
(see Fig. 24).
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12345 678

Fig. 24, Analysis of clone mMQU dorivatives for the presence of
the polylinker regions derived from pSPRI and Mi3mpll, DNA was
electrophoresed on a 0.7% agarose gel at 100 V for 4 hr and stained
with ethidium bromide, Lanes 1 and 8; molecular weight markers of A
DNA digested with HindIII and PstI, respectively. Lanes 2-4; mNQU DNA
undigested, BamHI and SscI digested, respectively. Lanes 5-7; mMQZ DNA
undigested, BamHI and Sacl digested, respoectively. Clone mMQZ has lost
the inverted polylinker regions of pSPRI and M13mpll, thus, the
restriction enzyme is lost and no digestion occurs, However, the Sacl
restriction enzyme site is retained and the clone is linearized after
digestion with SacX.
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Fig. 2§, Genomic slpha-galactosidase A nucleotide sequence., The
1243 nucleotide fragment from phage lambde-NQl includes the 5'-flanking
sequences, complete signal peptide, first exom, snd 104 bases of the
first intron, The Bbyl element flanking the ATG initiation codon is
compared to other similar sequences in Table 6. Other sequences
present are annotated as follows: GA-rich element ( ), CAAT boxes
(...), TATA box (///), mRNA start site (+1°%¢), gignal peptide cleavage
site (<), exon-intron boundary (][), inverted and direct repest

elements (—) (—, respectively), and inverted transcription factor Spl
recognition sites (D)) and <),
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soquence that we previously obtained for the cDNA clone. The sequence
extending from position 1139 to 1243 represents the first introm of the
alpha-galactosidase A gene, since it has no similarity to the cDNA
sequence, and the sequence, CAGGTATCA at positions 1136 to 1144 is a
good match to the CAGGTAAGT consensus ezomn donor sequence (Mount amd
Steitz, 1983). This first exon-intron splice junction is compared to

the consensus sequence in Table 3,

Signal Peptide of 31 Amino Acids for Alpha-Galactosidase A. The

open reading frame at the amino-terminal end of the alpha-

galactosidase A coding region extends to anm initiation codon 31 amimo
acids from the first amino acid of the mature enzyme. The sequence
CCACCATG has been identified (Kozak, 1984) as a consensus sequence for
eukaryotic initiation sites (bases underlined are those most highly
conserved), and the TGACAATG sequence at position 940 to 947 (Fig. 25)
exhibits homology with that observed among the 211 sequences previously
-tabulated, The hydrophilicity matrix analysis of the signal peptide is
shown in Fig, 26. The structure possesses the three components
identified for signal sequences (Von Heijne, 1986), which are s charged
smino acid within the first five residues (Arg at position 4), a
hydrophobic central core (amino acids 6 to 26), and a more polar
carboxy—terminal region (amino acids 27 to 31). Furthermore, the
predicted signal peptide conforms to the “(-3.—1) rule of Von Heijne
(1986) which specifies that the residue at -1 (Ala) must be small (Ala,
Ser, Gly, Cys, or Thr) and the residue at -3 (Ala) must not be aromatic
(Phe, His, Tyr, Trp), charged (Asp, Glu, Lys, Arg), or large and polar

(Asn, Gln)., Also, ss seen with other signal sequence cleavage sites
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Teble 3. First exoa-iatrom splice juactios of alpha-galactosidase A.

NUCLEOTIDE FREQUENCY 83 64 73 100 100 91 68 84 63

c A
DONOR CONSENSUS A A 6 /6 T 6 A 6 T
ALPHA-GALACTOSIDASE A C A 6 /6 T A T C A

DONOR

Donor consensus splice site sequence was tabulated from 139 édonor
sequences., Nucleotide frequency indicates percentage of aucleotide
oconrance by position (Mount and Steitz, 1983), The first ezoa donor
sequence of human alpha-galactosidase A is shown beneath the consensus

sequence, Note that the first six nucleotides are invariant froms the
consensus model,
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-3 -2 -1 ° b 2
1 N Net M
2 q Gla 1o
3 L Len M
A& R Arg ! *
S N Aes b
6 P Pro ! ¢
7 & Glu !
$ L Leu +
9 u Nis + !
10 L Lew ¢ [
11 ¢ Gly ¢ !
12 C Cys * !
13 A Ale M !
14 L Leu + |
15 A Als M !
16 L Leu ¢ !
17 X Arg M !
18 7 Phe M !
19 L Leu ¢+ I
20 A Als + !
21 L Leu ¢ !
22 Vv Vel M !
23 8 Ser + !
24 W Trp M |
25 D Asp ¢
26 1 Ile +
27 P Pro | *
28 G Giy M
29 A Als b
30 R Arg b
31 A Ale ! ¢

Fig. 26. Hydsrophilicity profile of the 31 amino acid signal
peptide of alphs-galactosidase A. Note the presence of Arg, 8 charged
amino acid within the first four residues, the hydrophobic core spanning
from Pro st residue 6 to Ile at residue 26, and the slphs helix breaking
residue, Pro at position 27 of tbe peptide. Computer analysis of the

protein structure predicts an alpha helix of 13 residues withim the
hydrophobic core from amino acid 8 to amino acid 20.
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(Von Heijme, 1986), Pro is abseat from positions -3 to +1
(Ala-Arg-Ala-Leu) bdut is present at residue -5 near the boundary of the

hydrophobic core.

9 4 3°'— Flaak ogue 1 lactosid . A
consonsus TATA box is present (TAATAA) at position -31 relative to a
putative +1 tramscription imitiation site (the A residue at position
885 in Fig. 25). This A residue at position 885 is a candidate for the
first base inm the tremscript since (i) most eukaryotic transcripts
begin with A or G, with A being more consson (Mount and Steitz, 1983),
(i1) this is the omly A residue located in the regiom 26 to 31
nucleotides from the TATA box, which is the distance most commonly
observed between the TATA box and the initiation site, (iii) this start
site should gemerate spliced mRNA of 1349 nucleotides which, assuming
approximately 100 nucleotides in a poly(A)* tract, is consistent with
the size of 1.45 kb that we estimated for mBENA in Northern blots
bybridized to the mick translated cDNA clome (Fig. 27), and (iv) it is
consistent with the size of the cDNA generated whea a 131 base pair
HgJAI restriction fragment derived from the 5' -end of our c¢DNA clone
is used to prime reverse transcriptase using HelLa cell poly(A)0+ =mRNA
as a template (Petzos Hentzopoulos, Ph.D, thesis).

Sequences homologous to the canmonical CAAT box (GGQCAATCT; Q is C
or T) are seen at position 736 (GGTCAATAT), which corresponds to
position -148 relstive to the proposed transcription initiation start
site and st position 835 (AAACAATAA), which is at position -50 relative
to the initiation start site., The CAAT box is commonly present in

eukaryotic promoters recognized by RNA polymerase II, and it is most
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<482 kb

<~ 1.87 kb

Fig. 21. Northern blot analysis of alpha-galactosidase mRNA,
HeLa cell poly(A)+ RNA before (lanme 1) or after (lame 2) polysome
immunoabsorption with anti-slpha-galactosidase A antibodies. Panel A
shows the picture of the sgarose gel stained with ethidium bromide
before transfer and panel B shows an autoradiograph of the Northera
blot after hybridization to mick tramslated pAG18 cDNA insert. Based
on the migration of the 188 snd 288 buman ribosomal subuaits (lane 3).
the aslpha-galactosidase A mRNA was estimated to be 1.45 kb, (Figure
taken from Bishop et al., 1986).




78.

often found at position -70 to -80 relative to the tramscription
initiation site (Benoist et al., 1980; Corden et al., 1980;

Efstratiadis ot al., 1980).

£ lyses ha—Gglgct [ Gen Fzagment. The
Europesn Molecular Biology Library and GenBank Library were searched
for homologies to the alpha-galactosidase A genomic fragment shown in
Fig. 25. A GA-rich segment of approximately 60 nucleotides that
extends from position 391 to 450 (Fig. 25) is highly homologous to a
sequence found in eleven other genes (Table 4) from various organisms,
including human, chimpanzee, rat, mouse, frog, insect, and sea urchin,
No other significant nucleic acid homologies to sequences in the data
bases were detected., A search of the National Biomedical Resource
Foundation amino acid sequence 1libraries revealed no significant
homologies to the 31 amino acids of the signal peptide for bhuman
alpha-galactosidase A,
Several direct and inverted repeats are located between positions
590 and 980 (Fig. 25; Table 5). There are four tandem repeats of a 10
nucleotide clement located upstream of the CAAT box (position 613 to
671), and it may be significant that these are regularly spaced, being
separated by 6, 7, snd 6 nucleotides, respectively. The significance
of these and other repeated sequences, if any, is uanknown, and the
presence of lysosomsl enzyme specific sequences cannot be determined
since no other genomic clones for this class of enzymes have been

characterized.




Table

4. The bomologows GA-rich element upstream of the

galactosidase A promoter.

HOMOLOGOUS SEQUENCE

slpha-

POSITION

1. GAGATGGOGGGGAGGAGGGAGAGAGCOCGAGGGGGGAGGGGAAAGCAGAGAACGAAAGAGGCGGAG 391-456
2. OOl.m..A.....M'A'.M...A....Aw.O‘OO.OQOA.OO:IOA.A.... 296‘-2,11
3. ooo.o--oo‘Mo...oooocoo 11‘-1’4
‘. oooooooooo.oooooo‘o‘o.oaotoooQAQAQQGOQ..-..om.oocoo- 1111-1121
so oo-:o.coooo.coc.ooz.oonooo.cc.ooooooocuo 2,2.252
60 .ooouoo-oo.aoo.ocrooncooo 403-‘31
1- 'O.@...A.AQC.:.0‘-0.C....QA....ADIOOOOO ”-15

8. .C.-.....G..--....zoo'..C.o-T.......mG.G..‘..... 570-523
9. -cowo.ocooocoooooovooooooococooooo 2531-2"‘
100 OQOO.OA.A.AOOOOGI.....0..‘.‘....QIOOQ.A..QGQQ....OC 3‘7"220
11. o.oo‘o‘.‘o‘oozoo-‘oc.ooooA.A...oo'o.eo.oo. 21-‘2

12. .A.r..:-....CT....A‘...T..J...A.GG. .Acovoo'Aeovoo 43""

For each gene, the sequeace and nucleotide position of the homologous regioa is
indicated. Anm ssterick (®) iadicates a gap amd the colon (:) indicates a match with
one base loopout. The geses are: 1) alpha-galactosidase A (this work), 2) chimp-
panzee Alu type DNA (Mseda ot al., 1983), 3) mouse Ig kappa (Van Ness et al., 1981),
4) mouse glandslar kallikrein (Mason et al., 1983), 5) mouse alpha-2 type I collagea
(Schmidt ot al., 1984), 6) zat cardiac slpha-myosim beavy chaia (Mahdavi et al.,
1984), 7) rat 188 rRNA (Cassidy et al., 1982), 8) rat 28S rRNA (Chaa et al., 1983),
9) frog 28 8 rRNA (Vare et al., 1983), 10) Drosophilis yirilis simple repeat
sequence (Tautz aad Reaz, 1984), 11) sea urchia histome H4 (Heatschel, 1982), and
aad 12) humas histone H4 (Sierra et al., 1983). The numbering system is msed to
indicate the positioas of these repeats is that used by the GenBank data base.

The sequence position is iamdiocated in asceadimg order (6, 11, and 12) or desceadisg
(2-5, 7-10) manser to iadicate its locatioa ia the top or bottom straads,

respectively.

‘6L
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Table S. Direct and iaverted repeat sequeaces ia the promoter

region,
Element Orientation Sequeace Natoch
A Direct GACGA®**CCAGAACTACTICTG
. PS 18/22
GAGGAACCCAGAACTACATCTG
B Direct TCACGTAAGC
® 9/10
TCACGTGAGC
10/10
TCACGTGAGC
P4 . 8/10
TCATGTGAGA
C Inverted TGCTCACGTAAGCGAG
.o 14/16
ACGAGTGCACTGOCTC
D Direct TCTCGGTCAC*GTGAGCAA
16/19
TC*CGGTCACCGTGA®CAA
E Invesrted ACCTICTGGGG
. 8/10
TGGAGICCCC
F Inverted GTCATCGGTGA
10/11
CAGT*GCCACT

The repeat eclements labolled A-F are aligned to permit maxzimum
homology. The asterick (®) indicates a mismatch or gap. The locations
of the repeat elements are indicated in Figure 25.
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° ce lagtosidase _A. The
aucleotide and amino scid sequences corresponding to the signal peptide
of slpba-galactosidase A was compared to those known for the other
human lysosomal enzymes: cathepsin B (Chan et al,, 1986), cathepsin D
(Faust et al., 1985), beta-glucocerebrosidase (Tsuji ot al., 1986),
beta-hexosaminidase alpha-sudbunit (Myerowitzr et al.,, 1985) and
beta-glucuronidase (Oshims et al., 1987). Although no extensive
regions of bomology were apparent st the amino scid or nucleic acid
level, several patterns of homology, including a consensus sequence
GCAGCQ (Q is C or T), that overlaps the ATG imitiation codon of the
signal peptide or follows within 4 nucleotides for five of these
enzymes (Table 6) were noted. This consensus sequence (which
fortvitously includes a GCAGC recognition sequence for the restriction
enzyme Bbvl) overlaps the ATG initiation <codon for both
alpha-galactosidase A and cathepsin D, and is separated from the ATG by
two or four nucleotides for cathepsin B and beta-glucocerebrosidase,
respectively. The homology also extends to beta-hexosaminidase
alpha-subunit but this requires a loop out of two nucleotides (Table
6).

Watson (1984) prepared a compilation of the amino acid sequences
of signal peptides, including 42 human genes with complete signal
peptides. Tbe corresponding nucleotides sequences for these genes were
obtained and none contained the Bbvl consensus sequence flanking the
ATG codon. In order to expand the sesrch, all of the human signal
peptides present in the GenBank data base (December, 1986) were

examined using the Quest routine of Biomet., Among the 133




Table €. Homologies among the nucleotides encoding the
signal peptides of lysosomal enzymes.

GENE NUCLEOTIDE SEQUENCE

1. slpha-galactosidase A s tgCAGCTGAGG
MM

2. cathepsin D at gCAGCCCTCC
MMM

3, cathepsin B a2t gTGOCAGCTCTGG

4. bota—-glucocerebrosidase at 3§ GCTGGCAGCCTCAC

S. salpha subunit beta- at;kEhAGCTAG

hexosaminidase MITIM

The atg initiation codonm is indicated in lower case,

and the symbols (-,7, and \) indicate consensus sequences
shared by the various members of tbis group. The Bbvl
consensus soquence (GCAGCQ; Q is C or T) is common to all
five genes,

82.
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non-lysosomal human signal peptides, mone contained the Bbyl consensus
sequence within four nucleotides of the ATG codon., Six of these buman
sequences contain the BbvI consensus sequence, but these are located 13
to 37 aucleotides distel to the ATG codoa.

The Bbyl sequence bomology noted among five of the six bhuman
lysosomal sequences may not extend to other mammals or may exist for
only a subset of lysosomal eniymes, since the rat preputial
beta-glucuronidase signal peptide Jlacks this sequence (Nishimura et
al., 1986). Among the 132 non-buman mammalisn signal peptides
examided, only one contains the Bbvl repeat immediately flanking
(separated by four nucleotides) the ATG codon, This signal peptide is
encoded in one of the seven rearranged Vh genes from s BALB/c hybridoma
elicited by immunization with proteins coupled with the bhapten,

(4-hydroxy-3-nitrophenyl) acetyl (Loh et al., 1983).

Location e e Alpba-Gslactosidase A. Ve
observed that the deglycosylated mature alpha-galactosidase A protein
migrates with an apparent molecular weight of approximately 41,800
(Fig. 3). Based on this subunit molecular weight and the amino acid
composition analysis, it was estimated that there are approximately 370
amino acid residues in the polypeptide chain., A predicted molecular
woight of 45,346 was based on the nucleotide sequence of the cDNA clone
AAG18 (Fig. 14), not imcluding the signal peptide. This c¢DNA clone
included the complete 3'-coding region, but only part of the 5°'-coding
region upstresz from the first amino acid of the mature form of the
enzyme., The results presented here complete the sequence at the
S'-end, snd indicate the presence of the signal (prepeptide) but not a

propeptide at the amino terminus., Tbe most carboxy-terminal tryptic
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peptide for which amino scid sequence is available spans amino acids
363 to 370 (Fig. 14), while the cDNA sequence indicates an open reading
frame extending to smino acid 398, Tbis most carboxy-terminal region
presumably constitutes the propeptide that is cleaved from the
proenzyme form. If proenzyme processing took place st basic amino
acids, as occurs for the human cathepsin B propeptide (Chan ot al.,
1986), then potential protease cleavage sites at Arg residues at
positions 371 and 373 would release polypeptides with 28 amino acids
(3,223 daltons) or 26 amino acids (2,954 daltons), respectively. This
sgrees well with the 3,546 daltons predicted for the propeptide based
on the difference in the observed molecular weight of the mature enzyme
(41,800), and the coding capacity predicted by the cDNA clone (45,346
daltons) after removal of the signal peptide. In addition, Table 2
shows good agreement in ocomparison of the predicted amino acid
composition of the predicted mature enzyme (if cleaved at amino acid
371) to the amino acid composition analysis performed on purified human

slpha-galactosidae A and based on a subunit molecular weight of 41,800,
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DISCUSSION

Our initial efforts to isolate a c¢DNA clome for humaa alpha-
gslactosidase A were based on the descriptionms of two technigues for
isolating specifioc DNA sequences and on our limited knowledge of the
proteia sequence. In 1979 Noyes et al, developed a
technique and obtained the partial nucleotide sequence of hog gastrin
mRNA using sn oligonucleotide to prime poly(A)+ mRNA. Following the
wozk of Noyes et al, (1979), several groups used this gemersl approsch
to isolate several genes (e.g. rabbit bdeta-globinm; VWallace et al.,
1981, and rat relaxin; Hudson et al., 1981). The use of synthetic
oligonucleotide mixtuzres that represent all possible codon combinations
of a portion of amino acid sequence as hybridization probes to screenm
for cloned DNA sequences, was pionecered by Suggs et al, (1981), Other
groups (e.g. VWoods et al., 1982; Breslow et al,, 1982) wused this
methodology to successfully isolate genes for the major
histocompatibility complex factor B and apolipoproteia A-I,
respectively. Vhen Young and Davis (1983) described a Agtil expression
system that permitted immunologic detection of cloned oDNA sequences,
ve pursued this screening technique as & complementary spproach. To
date, these methodologies have proved to be powerful techniques in the
isolation of specific genes or proteins,

The sforementioned techniques weres uvsed in parallel since all have
inherent advantages and dissdvantages. First, all screening procedures
can dotect false positive clones due to cross—reactive antigenic sites

or identical nucleotide sequences, Second, the clone may not be
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detected, for example, if the library does mot contain a full lenmgth
6DNA sequence and only amino temimal amimo acid sequence is kaown., A
clone will be missed with immumologic screeaiag technique if the olome
of interest does not express the proteia. This will occur if the oDNA
is out of the proper frame for tramslatioa or if the imsert is cloned
ia the opposite orientation. The antidbody detection method cam oaly be
used to screen cDNA libraries, whereas, the oligonucleotide technique
can be used to screenm both genmomic and oDNA 1ibraries., However, a
problem can arise with the oligonucleotide approsch if the amino acid
data is uncertain, which is not unusual for proteins that are difficult
to purify in large quantities. For this resson, we made more than one
oligonucleotide mixture spanning separate amino scid sequences. both
the oligonucleotide and immunologic screeming procedures employ high
density screening which enables one to screem s large number of
recombinant clones in one screening. The use of oligonucleotides as
hybridization probes has the sdvantage of obtaining greater specificity
than the mRNA priming technique for the production of cDNA probes.
Under the sppropriate hybridization comditions, formation of a base
pair mismatch is not detected, wheress base mismatches are tolerated at
the S5'- end of the primer by severse tramscriptase. An advantage of
the antibody detection method is that a relatively small number of
spocific antibodies sre produced to the protein., However, vwith
oligonucleotides, only one member of a large mixture is specific for
the clone due to smino acid codon redundsncy.

Besides the inherent dissdvantages to the screening methodologies,
the isolation of humsn 1lysosomal hydrolase genes has been hampered
because they constitute a very small percent of the mRNA pool.

Individual 1ysosoma]l enzymes make up less than 0.1% of the total
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protein ian most human cells (Myerowitz and Neufeld, 1981)., PFor
example, withia bhuman lung, aslpha-galactosidase A constitutes
spproximately 0.002% of total cellular proteia., Ia additiona, with the
exception of the steroid imduced rat beta-glucuronidase, there is mo
knowa induction method which cam sigaificantly imcrease the syathesis
of lysosomal enzymes. In spite of these hurdles, several investigators
have been successful im isolating cDNA élono. encoding human lysosomal
hydrolases. The oDNA obtained for alpha-fucosidase was considered to
be one of the rarest clomes isolated to date; alpha-fucosidase mRNA is
estimated to be 0.002% and its protein concentration is estimated at
0.01% of 1liver protein (Grantham et al,, 1981), Altbough & major
c¢hallenge, the isolation of these rare mENAs will obviously aid
olucidation of structure, function, trafficking, and expression of the
gene produots. MNoreover, significant insight into tbe wmolecular
lesions of lysosomal storage discases will be advanced.

Our efforts to screem cDNA and genomic lidbraries with mixed
oligonucleotide probes identified several positive hybridizing clomes,
bowever, none proved to be a bong fide oclome specific for alpha-
galactosidase A, Vhea the oligonucleotide probe was limited to
mixtuore of eight species (i.e. probe 2A/2B; Fig. 1), over 30 positive
c¢lones which specifically hybridized to this probe were isolated from
oDNA and genmomic libraries., Of these 30 clones, only one demonstrated
positive hybridizstion to a second oligomucleotide (pecD1l). Nucleotide
sequence analysis of a 411 base pair fragment from clome pcD1l, which
bound both oligonucleotides, revealed that the surrounding nucleotides
did not match the known amino acid codons for the alpha-galactosidase A
gene product, Additional sequence analysis of anmother clome, pcD21,

isolated under increased stringency conditions, revealed that this




olons contaimed oomplementary sequence vwith a perfect match to
oligonucleotide 2B, but the surrcunding mucleotides d4id mot matoch the
knowa alpha-galactosidase A sequence. This resuit demonstrates an
obvious limitation to the use of oligonucleotide mixtures.

Yhea oligonucleotide mixtures were utilized to prime mRNA ia the
presence of reverse tramscriptase, Nucleotide sequence analyses of the
major cDNA band products identified more false positives. That is to
say, felse ia that they did not correspond to the kmown amimo acid
codons for alpha-glactosidase A gene. However, upon long exposures of
the X-ray film, several weak oDNA band products wers evident, and
possibly one of these minor c¢DNA products was copied from the
alpba-galactosidase A mRNA, However, after the isolation of a c¢DNA
clone specific for alpha-galactosidase A, we obtained s unique product
using a uvanique 131 nucleotide restriction fragment from this clonme to
prime mRNA,

Ve isolated a cDNA clone specific for human alpha-galactosidase A
by the immunologic detection method. Our success was presumably due to
the availability of highly specific sntiserum and s large library. A
cDNA clome was isolated from a human liver oDNA library constructed ia
8 Agtll expression system when approximately 1.4 X 107 plaques were
screened with wmonospecific polyclonal antidbodies. Four antidbody-
positive oclones were identified initially; of the four, only
one ()AAG18) demonstrated both antibody specificity in competition
asssys with purified enzyme and specific hybridization to symthetic
oligonucleotide wmixtures, In this sitvation, the oligonucleotide
mixtures were used to confirm the identity of the clome as opposed to
primary selection of the clone. The authenticity of clome AAG18 was

verified by snucleotide sequence analysis of the 5'- end of the cDNA




insert aad exact cozrespoadence bdetween the predicted and kaowmn
amino-terminal smino acid sequence was shown,

Nucleotide sequeace aaslysis of the complete alpha-galactosidase A
¢DNA revealed aa opea readjag frame of 1226 nucleotides. The
smino-terminal ocodoa for the mature eazyme was located by agreement
between the predicted amino acid sequence from the nucleotide sequence
and the known amino-termiaal amino scid sequence. Translation of the
open resding frame showed agreement with 86 of 100 non-overlapping
snino acid residues. This is an excellent correlation considering that
there was substantial uncertsinty concerning the sccuracy of the aminmo
acid sequence data due to the limited quantity of available enzyme.
From the amino-termimal codon of the mature eonzyme, the
alpha-galactosidase A insert encoded information for 398 amino acids,
Also, the last five amino acids of a precursor form were encoded inm
this clone (Fig. 14). At that time, it was not clear whether these
five amino acids were the carboxy terminus of the signal peptide
(prepeptide) or the carboxy terminus of the pro piece.

Tvo consensus polyadenylation clesvage sites, ATTAAA and AATACA,
woere jdentified 12 and 28 sucleotides, respectively, upstream from the
stop codon in the slphs-galactosidase A c¢DNA clone. Approximately 12%
of vertebrate messsges contaia the sequence ATTAAA, and AATACA oaly
occurs in 2% of the messages (Wickens and Stephenson, 1984). The
pentanucleotide sequence, CACUG, associated with the U4 small ribo-
nuclear binding protein, was Jlocsted at the 3'~ end of the
slpha-galactosidase A cDNA, Manipulations (i.e. deletions and
nucleotide mutations) of the cDNA clone will enpable studies to
sscortain the essential features necessary for polyadenylation,

The predicted amino acid sequence identified four possible




N-glycosylation sites (Fig. 14), This is consistent vwith the
observation that the purified mature enzyme from humaa tissses and
plasma comtaiams one or more asparagisme-limked oligosaccharide chains
(Desnick and Sweeley, 1983; LeDonmne ot al,, 1983). The four possidble
N-glycosylation sites were all located ia deta-turms withia hydrophilic

regions of the peptide (Fig. 15) as would be predicted for surface

localization and exposure.

Previous to this clome, the absence of a 3'- untranslated region
between the UAA stop codon and the poly(A)+ tail has not been reported
for auclear ocoded tramsoripts. However, the absence of a 3'-
untranslated region bhas beenm described for mitochondrial genes
(Anderson ot al., 1981*. A search of the data base identified 3'-
untranslated regions as short as 10 and 15 nucleotides for human factor
X (Leytus et al,, 1984) and for the beta-subumit of human chorionmic
sonadotropin (Fiddes asnd Goodman, 1980), respectively. The lines of
evidence whioh support this unique feature are: i) the 3'~ region of
the clone was sequenced independently four times from both strands, ii)
the most carboxy-terminal tryptic peptide, T-53A (Fig. 14), confirms
the reading frame at the 3'~ end, iii) the comsensus polysdenylation
signals and U4 small ribonuclear binding site were identified as
described above, and iv) sn alpha-galactosidase A cDNA clone isolated
from an independent library contained the identical 3'- sequence as the
original clone (Bishop et al,, 1986). After the identification of our
clone, Jenh ot al, (1986) identified a rat thymidylate synthase
messenger wvhich similarly lacks s 3'~ untranslated zegion,

Computer aided homology searches of amino acid and nucleotide data
bases did not reveal any significant homology to other characterized

genes, A computer search of the data available for other lysosomal
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bhydrolases revealed that only alpha-fucosidase (nucleotides 31 to 178)
shoved limited homology (52%) to sucleotides 34 to 168 of the alpha-
galsctosidase A cDNA., The lack of homology at the amimo acid level
betweean the sequenced lysosomal eniymes and the kaowledge that the
denstured enzyme does not contaia the mecessary recogaitioa sigmal for
pPhosphorylation and hence, transport to the 1lysosome (Lang et al.,
1984), swupports the hypothesis that secondary or tertiary amimo scid
structures define 1lysosomal determinants necessary in the M-6-P
recoganition pathway.

Aftexr the nucleotide sequence for the cDNA clone was determined, a
vnique oligonucleotide (23-mer) was synthesized to screem genomio
libraries to obtain the complete nucleotide sequence encoding the
preproenzyme. This region was of interest to us since the ¢DNA clone
was truncated at the S'- end, and we wished to identify the sequence of
the promoter region and any associated regulatory signals. An obvious
adventage of s nunique oligonucleotide probe compared to a nick
translated oDNA to screen genmomic libraries is that the jdeamtification
process is specifically marrowed to clomes containing tbat particular
region, Depending on the size and number of introns, a geme may spsa
several kilobases of DNA, sand & nick translated oDNA will select all
clones contaiaing exons., Also, the signal to noise ratio was more
favorable with a 1long (e.g. grester tham 17 aucleotides) smaique
oligonucleotide compared to thast of nick translated probes.

Two positive clones, ANQlL and AMQ2, with inserts of approximately
15 and 17 kb, respectively, wers isolated fros the initial screeming of
a 4X Charon 30 genomic 1library. Clone identity was confirmed when
Sovthern blot snalysis of Sacl digested phage DNA detected a 5.3 kb

fragment froms both clones that bound specifically to oligonucleotides H




92.

and 2B and to aiock translated slpha-galactosidase A cDNA imsest,

The aucleotide sequence iaformatioa for the regioa that extends
spproximately 880 anucleotides upstream of the proposed site of
transoriptioa was obtaismed, and this regioa would de expected to
include the oentire promoter., The alpha-galactosidase A genme is
recognized and tramsoribed by RNA polymerase II (reviewed dy Roeder,
1976) . Maay RNA polymerase II type genes have been sequenced and the
5'~ ends of the mERNAs they encode have been located. There is s clear
hierarchy of mRNA CAP site preferences with A)G))U)C (Baker and Ziff,
1981). Two short regions of control have been defined. The
first, recognized by Goldberg and Hogness, is referred to as the TATA
box and is generally found at position -26 to -31 (41 4is the
transcriptional start site). A TATA bdox 1is located at position -31
relative to the proposed transcription initiation site for
slpha-galactosidae A (Fig. 25). The second region of control is
located at the -70 to -80 region snd is known as the CAAT box (Benoist
et sl,, 1980; Coxden ot al., 1980; Efstratiadis et al,, 1981). Two
CAAT bozes are 1located im the promoter region of the
slpha-galactosidase A gene at positions -148 and -50 relstive to the
putative start site of tramscription,

The ratio of one lysosomal enzyme to another remaians relatively
constant, although the absolute levels of the enzymes may vary widely,
as seen during organ development and during the changes in the number
of lysosomes in a cell (Paigen, 1979). This indicates the presence of
mechanisms to coordinately regulate the synthesis of this class of
enzymes, The presence of TATA and CAAT bozes in the alpha-
galactosidase A gene prosoter implies the presence of specific

controls at the level of tranmscription, since these features are absent
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from comstituitively expressed mammalian housekeeping gemes, such as
humas hypoxanthiae phoshphoribosyltransferase (Kim ot al,, 1986).

The alpha-galactosidase A gemomic clome contaiss the sequence
epcodiag the complete 31 amimo acid signal peptide that was adbseat in
our oDNA isolates., It has beea postulated that the amimo-temminal
signal sequences of 1lysosomal proteins are recognized by an 118
ribonucleoprotein (signal recognition particle; Walter et al., 1984) inm
& manner similar to some secretory and integral membrane proteins, All
three protein classes are thought to be processed by s similar but not
necessarily identical pathway from their site of synthesis at the rough
endoplasmic reticulum through the Golgi spparatus. At diffezent stages
in this process the proteins in transit may be covalently modified by
glycosylation, oligosacchbaride modifications, or partial proteolysis.
Evidence has been presented which indicates that routing from the Golgi
spparatus to lysosomes requires & MN-6-P residue on the
asparsgine-linked oligosaccharide side chain (Kornfeld, 1986). As
discussed ecarlier, Lang et al, (1984) have shown that for cathepsin D,
the determinant recognized by the phosphorylating enzyme is preseat on
the nlti;c. but not the denatured polypeptide. Newly synthesized
lysosomal enzymes bind with high affinity to the M-6-P receptor and are
translocated to the 1lysosomes. However, there are two different
receptor proteins and at least one or mors M-6-P independent pathways
to the lysosome (Kornfeld, 1986). We compsred the alpha-galactosidase
A signal peptide to other lysosomsl proteins and other proteins
synthesized on the rough endoplasmic reticulum to test for
similarities., In this context, the Bbyl consensus sequence present at
the nucleotide level in five of the six human lysosomal enzymes (Tadble

6) is unexpected, and does not suggest a simple hypothesis with regard
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to potential bdiological significance at the 1level of tramscriptionm,
translation, or eniyme sorting. Furthermore, the presesce of the Bbyl
oconsensus sequencs does not correlate with the depeadence mpoa the
M-6-P receptor pathway, simce beta-glucocerebrosidase does aot use this
pathway (Tager, 1983),

The siganificance of the GA-rich element located upstream from
the alphs-—galactosidese A promoter is unknown, The seazch of the
nucleotide data base revealed homologous sequences ia 11 other genes
(Teble 4). The GA-ricd sequence is located 5'~ to the CAP site of
several of these genes (human histone H4, wmouse alphes-2 type I
collagen, wmouss glandular kallikrein, and rat cardiac alpha-myosin
hesvy chain)., It is present as a spacer between histone genes in sea
urchins, The sequence ocours 3'- to the chimpanzee Alu type DNA and
within the coding region for the rat 288 rRNA., The GA-rich sequence is
located ian the 5'- flanking regions of the rat 188 rRNA where it
encodes TC-rich regions postulated to direct processing and cleavage of
pre-ribosomal RNA, This sequence was aslso identified inm genomic clones
of Drosophils _virilis isolated by screening a genomic library with
mRNA 1abelled in vitro. These and other simple sequences are present,
as judged by hybridization, in the genomes of all sukaryotes examined
(e.5. buman, frog, ses urchin, wheat, snd yeast), Tautz and Ren:z
(1984) proposed that these sre non-funotional transoripts encoded by

sequences arising from slippage reactions in regions of the genmome that

are not strongly selected.
To the best of our knowledge, there have boen no reports of the

isolation, oloning, and sequencing of a genomic clome specific for s
mammalian lysosomal bydrolase., The mechanisms that regulate the levels

of expression of alpha-galactosidase A and other lysosomal enxymes are
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mot well understood. The characterization and discussions reported im
this study for the 3'- flanking promoter regions, sigmal peptide,
propeptide, and putative carboxy-terminal processiag of the propeptide
to the matare eszyme for humas alpha-galactosidase A, lay a foundation
for future studies. This iaformation will help to elucidate the
understanding of the expression of the alpha-galactosidase A loons
ia normal individuals as well as in Fabry patients, and for the
snalyses of factors that control =regulation of lysosomsl enzyme
synthesis.

At the molecular level, restriction enmzyme information will help
olucidate restriotion fragment length polymorphisms (RFLP) of unrelated
Fabry patieats DNA in Southern blot analyses. A computer-generated
restriction endonuclease map is presented inm Fig. 28 and enzyme sites
are shown beneath the numbered nucleotide sequence of the gemomic
clone, The nucleotide sequence information descrided inm this study inm
concert with future studies to complete the genomic sequence will
define the organization of this gene on the long arm of the X
chromosome (Fig. 29). Also, the nucleotide sequence will serve as a
basis for the isolation of specific probes for bheterozygote
identification and for comparison of the normal molecular state to that
of the vsrious Fabry patients. The availability of both genomic and
¢DNA clones for alpha-galsctosidase A and other lysosomal hydrolases
will further delineate the nature of lysosomal enzyme biosynthesis and
trafficking to the lysosomes. MNoreover, this information will expedite
the microbisl snd mammalian expression and purification of active human

alpha-galactosidase A for im vitro and in vivo trials of eniyme

replacement therapy.
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Fig. 28. Genomic slpha-galactosidase A restriction endonuclease

sites. Tbe restriction enzyme sites found within the 1243 nucleotide
genomic fragment are shown beneath the nucleotide where they occur,
Nucleotide numbering is the same as used in Fig. 285.
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Fig, 29, Linear depiction of the slpha-galactosidase A gesomic
fragment. The 1243 nucleotide Tagl (T) to I (8) fragmeat located on
the long arm of the X chromosome (Xq) is shown. The GA-rich region
spanning mucleotides 391 to 456 (Tsble 4) is indicated by the solid
box. The TATA box (open box) is located st position -31 before the
potative transcription initistion site (see text)., The slashed lines
following the TATA box indicate the 60 nucleotides of 5' untranslsted
sequence. The open box of exon one encodes 64 amino acids including
the 31 amino ascid signal peptide and the first 33 amino acids of the
propeptide. The intrxon following exon ome to the Sagcl site contains
104 nucleotides. The following restriction enzyme sites are shown: (H)
HaelII st nucleotide 243; (A) Aysl at nucleotides 293, 689, and 1231;
(C) Acgl at aucleotides 498 and 801; and (R) RsgX st nucleotide 1155,
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