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SCOPE OF THE THESIS

Lysosomal B-galactosidase is the glycosidase, that cleaves B-linked galactosyl moieties
from a variety of natural and synthetic substrates. In normal tissues of various species
this enzyme appears to associate with two other hydrolases, N-acetyl-a-neuraminidase
and the protective protein. Mutations at the B-galactosidase locus on chromosome 3
are the basis of two lysosomal storage disorders, Gy -gangliosidosis and Morquio B
syndrome. The scope of our experimental work is to gain more insights imto the
structural and functional properties of these proteins, their mumal relation in
lysosomes and their involvement in genetic disorders. Knowledge on the primary
structure of lysosomal protective protein has recently brought to the identification of
its multifunctional activities.

This thesis deals with the isolation and characterization of the cDNAs
encoding the classic lysosomal B-galactosidase and a B-galactosidase-related protein.
The latter is derived from alternatively spliced pre-mRNA, as deduced from analysis
of the genomic organization of the B-galactosidase gene. These studies include the
identification of the B-galactosidase promoter region.

In order to introduce this part of the experimental work, the thesis starts with an
overview of what is kmown to date about promoter elements of genes encoding
lysosomal enzymes and their putative mode of regulation. The occurrence of
alternative splicing among pre-mRNAs coding for other lysosomal enzymes is briefly
reviewed. The thesis continues with the description of the genetic lesions found in two
patients with the severe infantile type of Gy, -gangliosidesis. Curiously

this mutation, affecting both alleles in the patients, impairs correct splicing of
premRNA molecules. '

The final part of the thesis describes on one hand the two separable roles of
the protective protein: a protective function towards B-galactosidase and
neuraminidase and a catalytic activity resembling that of lysosomal cathepsin A. On
the other hand it gives mew meaning to the association of B-galactosidase and
protective protein, that seems to be important for the correct tramsport of B-
galactosidase out of the endoplasmic reticulum and to the lysosomes.






CHAPTER T
1.1 TRANSCRIPTION OF GENES ENCODING LYSOSCMAL ENZYMES

1.1.1 General features of transcription elements in eukaryetic genes
Transcription is a very conserved and regulated process by which from 2 variety of
genes different RNAs are generated. The formation of an mRNA template is started
by the action of one of the RNA polymerases at a transcription initiation site, due to
the activation of promoter and enhancer elements by a network of regulatory factors
that bind in a sequence specific manner.

Promoters are composed of cis-acting control elements, that need the
interaction with transacting factors to initate transcription. They are usnally located
in relatively fixed positions with respect to the transcription initiation site(s) and may
contain a variety of specific promoter elements One of these modules is the TATA-
box that is mostly present at position 23, upstream of the transcription initiation site
and tends to be located within GC-rich sequences {for reviews see Breathnach and
Chambon,1981 ; Dynan and Tjian, 1985, Mc Knight and Tjian, 1986). In combination
with the TATA element a CCAAT box can be encountered at position -80. GC boxes
are often found as multiple copies within a promoter. CCAAT and GC boxes may
function in either orienmtation, whereas a TATA box directs transcription in one
orientation from a specific initiation site. In addition 1o these conventional “initiators”,
many other sequence specific motifs have been identified as potential promotor
elements (Mitchel and Tjian, 1989; Sen and Baltimore, 1986; Garcia er al, 1987:
Hurst et al.,1987, $Smale and Baltimore, 1989).

In absence of a TATA box in the promoter, muitiple start sites of
transcription may be encountered like it is observed in the majority of ubiquitously
expressed housekeeping genes. Their features will be described in the next paragraph.

Enbancers are regulatory elements, whose presence increase the transcription
level of nearby gemes in an orientadon Independant manner. Contrary 10 promoter
elements, their distance to transcription initation sites may vary tremendously (Banerji
et al, 1981; Moreau et al, 1981). However, a distinction between promoter and
enhancer sequences is not always clear. Transcription regulation is needed in cell type
specific gene expression, during embryonal development, tissue differentation and
under specific (non)physiological stimuli or conditions.

After or even during transcription the precursor mRNA (pre-mRNA) is
processed by constitutive or alternative splicing processes. Mature mRNA needs then
to be transported out of the nucleus before it can be translated at ribosomal sites into
proteins.

1.3.2 Promoter elements of genes encoding lysosomal proteins
The promoter regions of several genes encoding lysosomal hydrolases have been
defined and characterized. In most cases, these promoters bear characteristics of
housekeeping gene promoters: they are rich in GC residues, have features of CpG
islands and lack the canonical TATA and CCAAT boxes, They usually contain one or
more potential binding sites for the transcription factor Spl (GGGCGG). Due 1o
these characteristics, heterogencous transcription Initation sites are often
encountered in mRNAs for lysosomal proteins. The latter feature has been deseribed
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for acid o-glucosidase (Hoefsloot e al, 1990; Martiniuk et «f., 1990), acid
phosphatase (Geier et al, 1989), B-galactosidase (Mormreau et al, 1991), B-
glucuronidase (Shipley et al.,1991), cathepsin D (Redecker ez af., 1991), arylsulphatase
A (Kreysing er al., 1990) and B-hexosaminidase B-chain (Proia, 1988; Neote er al.,
1988) genes. Furthermore, most of these promoters contzin putative consensus
sequences, that might interact with the repressor GCF ( Kageyama and Pastan, 1989).
However data on a-galactosidase A (Quinn er afl, 1987, Bishop er af,, 1988), B-
hexosaminidase e-chain (Proia & Soravia, 1987) and «-N-acetylgalactosaminidase
{(Wang and Desnick, 1991) are slightly different. These genes have still GC-rich
promeoter regions, but the a-galactosidase promoter includes a TATA and a CCAAT
box as well as Spl binding sites. In the o-N-acetylgalactosaminidase promoter-area no
HTF islands have been identified, although two CCAAT-like boxes and three Spl
recognition sites are present. The putative promoter region of the buman B-
hexosaminidase e-chain gene contains only a CCAAT and a TATA element.

The glucocerebrosidase promoter region is the only one sofar described with
characteristics of promoters of genes with a tissue specific mode of expression. It has
a normal GC content (<50%), two typical TATA and CCAAT boxes and no Spl
elements (Reiner er al, 1988b; Horowitz er al., 1989). The promoter of the
glucocerebrosidase pseudogene has similar characteristics.

Within the 5° untranslated region (UTR) of the human 3-glucuronidase gene
a comsensus sequence similar to the 17 bp transcription “initiator” (Smale and
Baltimore, 1989) has been located in the vicinity of muitiple initiation sites (Shipley et
al., 1991). The latter are found around nucleotide position (-30), upstream of the
ATG trapslation initiation codon. Spl binding sequences are also present 5° of these
transcription initiation sites. A minor initiation site is encountered further upsiream,
at nucleotide position (-216), that was shown, however, to be unable to initiate basal
transcription without the presence of other 57 sequences. From the characteristics of
the 5" UTR of the B-glucuronidase gene, it has been postulated that two promoters
might contrel its wranscription: one responsible for the constitutive expression and the
other for the regulated expression in certain cell types. However, transcription
initiation from the most upsiream site has only been seen in transformed cells
(Shipley et al., 1991).

In contrast to the human gene, the murine B-glucuronidase structural geme
(Gus-s) has a promoter which is rich in GC stretches, comprises a TATA box, but not
a CCAAT box or Spl consensus sequences. In agreement with the presence of the
TATA box, transcription of this gene is initiated at a single position. Furthermore, a
TATA box containing promoter has been detected within intron 1 of the Gus-s gene
(Wang er al., 1988). This transcriptional unit directs initiation of transcription of the
so-called B-glucuromidase "Intermingled” gene (Gig) in lever cells. Exon sequences of
Gus-s and Gig transcripts appear not to overlap, although pre-mRNA of Gig and 8-
glucuronidase must have sequence similarities. Selection of differential splice sites
coupled to the use of different transcription initiation sites would generate either
Gus-s or Gig mRNA. Whether transcription of Gig interferes with the regulation of
B-glucuronidase mRNA expression and what Gig mRNA encodes for is unknown.

The promoters of genes encoding human and mouse B-galactosidase (Nanba and
Suzuki, 1991; Morreau et al, 1991) show similar characteristics (see Chapter II).
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Other potential regulatory sequences encountered in 5 UTRs of genes encoding
lysosomal proteins are binding sites for the transcription factor AP2 (Imagawa et al.,
1987). This is the case for the o-glucosidase, B-glucosidase, 8-glucuronidase and
cathepsin D promoter regions. Putative AP1 sites (Lee er al, 1987) are also found in
the B-hexosaminidase 8-chain and e-glucosidase genes. Octamer sequences, "chorion
box" enhancers, as well as a ¢-Fos enhancer element are present in the promoter
region of the human e-galactosidase gene (Bishop et al., 1988 and references therein).
A 60 nucieotide repeat, (GA)n, of unknown function, upstream of the promoter
region of the latter gene, has been also identified (Quinn et &, 1987).

1.1.3 Regulation of transcription of lysosomal gemes

The expression pattern of genes encoding Iysosomal enzymes reflects their ubiquitous
distribution in different animal tissues and cell types that in wrn relates to the
relative amount and quality of substrates 10 be degraded. In this respect these genes
can be compared to the aforementioned housekeeping genes. However, this does not
imply that their expression is not regulated, for instance, at certain stages of
embryonal development, tissue differentiation or under specific physiological
conditions.

In recent years unexpected roles for lysosomal enzymes have emerged or have
been postulated. A model of T and B lymphocytes interaction proposes that resting
splenic B cells do mot interact with a specific T cell population unless they are
activated and do present antigens to T helper cells. This interaction process is
mediated by membrane bound glycoprotein(s) on the surface of B cells that should be
devoid of terminal sialic acid residues. It has been hypothesized that lysosomal
neuraminidase could be involved in this process (Kearse er al, 1988a;1988b).
Cathepsin D and cathepsin B have been shown to participate in antigen processing
and extracellular proteolysis (San Segundo er af., 1986). The protective
protein/cathepsin A (Jackman er al., 199(; 1992; Galjart er al,, 1991) might play a role
in specific degradation or regulation of bioactive peptides including oxytocin,
substance P, angiotensin I and endothelin (discussed in Chapter 2). Cathepsin B or
related enzymes might also be Involved in tumeor invasiveness (Mort and Recklies,
1985; Ryan er al., 1985; Dufek er al,, 1984; Rochefort er al. 1987; Sloane et al., 1987),
Finally, an important role is known to be piaved by certain lysosomal enzymes in
reproductive processes, like ovuladon (Dimino and Elfont, 1980), acrosome reaction
{(McRoric and Williams, 1974; Wasserman, 1987) and egg implantation (Denker et al.,
1978). These diverse and specific Iysosomal activities suggest that expression of these
enzymmes might be tightly controlled, at least in some cases. Transcription regulation
might give rise to variable amounts of mRNA in different tissues in response to local
stimili. Alternatively, regulation could occur at the level of mRNA stability, mRNA
maturation or transport. Furthermore, efficiency of translation, posttranslational
modifications, intracellular transport, protein degradation and lysosomal permeability
could be envisaged as mechanisms to repress or activate lysosomal enzyme activities.

In general, it is believed that housekeeping genes are regulated foremost at
the level of mRNA maturation and/or stability. This has been shown for rat
glyceraldehyde 3-phosphate dehydrogenase (Piechaczyk et af, 1984), mouse
dibydrofolate reductase (Kaufman and Sharp, 1983), and chicken thymidine kinase
(Grouding and Casimir, 1984). In the lysosomal system, a variation in amount of
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mRNA in different tissues bas sofar been observed only for murine protective
protein/cathepsin A (Galjart et al., 1990), murine B-galactosidase {Morreau et al,
1991) and rat cathepsin B (San Segundo er a/., 1986). All three enzymes show very
high mRNA levels in kidney. Variable tissue distribution of rat cathepsin B was
previously shown by the analysis of immunoreactive material (Kamnuma and
Kominami, 1983). Rat cathepsin D mRNA levels are rather uniform in the tissues
analysed (San Segundo er al., 1986). However, it has been reported that expression of
the human counterpart of this enzyme varies in different tissues at the protein level
(Dorn et al., 1986; Reid et al., 1986). A similar observation has been made for murine
B-ghacuronidase, although differences in mRNA levels in this case cannot account for
the observed differences at protein level (Bracey and Paigen, 1987). These authors
have shown that the variation detected in the tissues tested are primarily due to
differences in the translational yield of the B-glucuronidase enzyme. Translational
yield is here defined as the number of mature enzyme molecules formed per minute
per mRINA molecule. In this study protein degradation is only significantly different in
brain tissue.

Control of lysosomal gene expression was originaily studied in different
mouse strains using ¢lassic genetic approaches (for a review see Paigen, 1979). From
this work it became apparent that a number of lysosomal and non lysosomal
enzymatic activities can be induced in proximal tubulus cells of the kidney by
androgens as well as high doses of progestational steroids. The activities of lysosomal
B-glucuronidase and to a lesser extent o-mannosidase, B-galactosidase and B-
hexosamninidase were indeed enhanced. Several regulatory elements controlling this
event have been suggested. For murine B-glucuronidase next to the structural locus
Gus-s, mentioned earlier, a cis-acting androgen inducible regulator (Gus-r) that is
functional in kidney, a cis-acting systemic regulator (Gus-u) and a trans-acting
temporal regulator Gus-t have been proposed. The latter would be involved in
developmental programming. However, it appeared that the androgen-induced
increase of 8-glucuronidase expression is absent i hypophysectomized rmice. Thus,
there is apparently a regulatory mechanism involving one of the pituitary hormones
and androgen or androgen receptor. Further analysis has shown that androgen
response in mouse kidney involves direct control of the amount of translatable B-
glucuronidase mRNA. (Palmer er al., 1983). The general response to androgen of
many lysosomal enzymes might be related to the massive increase in glycosphingolipid
content in kidneys of treated animals (Paigen, 1975).

Another example of a lysosomal enzyme, whose expression is influenced by
hormonal treatment is human cathepsin D. Synthesis of this enzyme is regulated by
estrogen in specific cell types (Cavailles et al., 1983; Pietras et al., 1979). In breast
cancer cells, for instance, that have an estrogen receptor, a 52 kDa cathepsin D-like
protease is induced, following estradiol treatment (or high dosis of androgens), and
this induction is transcriptionally regulated. Also, in rat uterus cathepsin D has been
reported to be induced by progresterone (Elangovan and Moulton, 1980), whereas in
promonocytes the rate of both mRNA and protein expression of this enzyme is
regulated by calcitriol (Redecker er al., 1989). The activity of B-hexosaminidase can
be influenced by progesteron and estrogen (Rahi and Srivistava, 1983) and this
conforms with the presence of a potential progesteron response ¢lement in the ¥
UTR of the B-hexosaminidase geme, (Neote er «f, 1988). In relation to the
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aforementioned results, there is the interesting observation that hormones like
estrogen, growth hormone and cortison are able to stabilize certain mRNAs via an as
yet unknown mechanism (reviewed by Ross, 1989).

As mentioned before, glucocerebrosidase is sofar a unique example among
lysosomal hydrolases. The gene is differentially expressed in a tissue specific manner
consistent with the general features of its promoter (Reiner and Horowitz, 1988a).
However, it has to be taken into account that these data are from cells that are either
transformed or clearly abnormal. Intermediate mRINA expression is observed in skin
fibroblasts, promyelocytes and macrophages, whereas high mRNA levels are found in
epithelial cells (HeLa) and very low levels in B-cells. A primary expression in cells of
the reticuloendothelial system would be consistent with the side of accumulation of
ghucocerebroside substrate in tissues of Gaucher patients, due to the deficiency of the
enzyme. Particularly intruiging is the observation that in  Gaucher cells
glucocerebrosidase mRNA seems to be more abundantly expressed than in normal
cells (Reiner and Horowitz, 1988). It is also interesting that the mRNA encoding the
precursor of the glucocerebrosidase activator protein is also upregulated in these
mutant cells (Reiner and Horowitz, 19838). A direct feedback regulation of
trapscription levels by the accumulated substrate intermediates has been postulated.

1.2 GENERAL FEATURES OF (ALTERNATIVE) SPLICING

The constitutive splicing of pre-mRNA molecules in the nucieus involves exact
removal of intronic sequences that are demarcated by consensus 5° splice donor sites
(EXON ... AGigtaag: ... intron) and 3" splice acceptor sites, flanked upstream by a
polypyrimidine tract of about 6 residues (intron ... 6PyNeagt ... EXON). The splicing
machinery is able to recogmize the consensus sequences, splice out the interveming
sequences and join the remaining exons (for reviews see Smith er af, 1989; Leff er al,
1986; Padgert er al, 1986) The process occurs in a muitisiep manner. After the
formation of a complex called the spliceosome, it begins with exact cleavage at the 5
donor site and continues with the joining of 5" intronic sequences to an adenosine
residue located in a less comserved area, called the branch point sequence. At this
stage a "lariat" form is gemerated of the intervening sequences. Cis-acting sequences
within the intron as well as the adjacent exon are recognized by specific transacting
factors that appear to insure that correct splicing takes place at a genuine splice site
rather than at cryptic sites. In case of mutations at either the donor or the acceptor
splice sites, cryptic sites might be recognized by the splicing machinery.

Alternative splicing is an elegant method employed by the cellular machinery
to create protein diversity, thereby modulating or deleting specific protein functions.
Furthermore it may alter the subcellular localization of a certain protein, although its
function is maintained. The process may also serve as a direct mechanism of
regulation of gene expression. Several modes of alternative splicing have been
described (for reviews see Smith et al., 1989; Andreadis e al, 1987).

A key issue is how alternative splicing is accomplished and regulated. Cis-
regulation of splicing occurs because of the intrinsic characteristics of the mRNA
template. For example multiple 5° or 3’ splice sites may arise from the formation of
diverse 5 or 3’ ends of mRNA templates, due to initiation from differential
promoters or termination at differential 3 sites (Smith er af, 1989). Splice site
selection is negatively regulated in a number of cases by the presence of specific
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DNA. sequences (Dabeva et al, 1986; Emeson er al, 1989; Helfman er al, 199C;
Goux-Pelletan, 1990). Whether secondary structures in the mRNA. template may play
a role in the cis-regulation of alternative splicing is unknown.

A specifically regulated form of alternative splicing will be encountered in
cells where variations in activities or levels of constututive factors, like the splicing
factor 2 (SF2; Krainer er al, 1990) or the alternative splicing factor (ASF; Ge and
Manley, 1990), could lead to altermate splicing patterns {(for reviews see Smith et al,
1989; Maniatis, 1991). Unique trans-acting factors might influence the splicing
mechanism as it has been shown in studies on the sex determination pathway of
Drosophila. Here, alternative splicing of the "transformer” pre-mRNA is regulated by
the "Sex lethal” (SxI) geme product functioning as transacting factor {for review see
Maniatis, 1991). Untl now, however, splice site selection by specific repressor
proteins, like the aforementioned 8xl or the suppressor of the white apricot locus in
Drosophila, is the only mechanism of trans-regulation that has beem demonstrated
(Smith er al.,, 1989; Maniatis, 1991). Recent studies suggest that (alternate) splicing
and polyadenylation might be coupled (Niwa er al., 1990; Huang and Gorman, 19%0;
Pandey er al., 1990; Hedley and Maniatis, 1991).

1.2.1 Alternative splicing of pre-mRNAs enceding lysosomal proteins
Among mRNAs for human lysosomal hydrolases alternatively spliced transcripts of B-
glucuronidase {Oshima ef af, 1987), sphingomyelinase (Quintern et al., 1989;
Schuchman et al., 1991), B-galactosidase (Morreau et af, 1989; Yamamoto et al.,
1990}, the sulfatide activator precussor proiein (Nakano er al. 1989; Zhang et al.,
1990; Rafi et al, 1990; Zhang et al, 1991; Holtschmidt et al, 1991a},
ghucosylasparaginase (Fisher and Aromson, 1991) and o-N-acetylgalactosaminidase
(Yamauchi er al., 1990; Wang et al., 1990) have been identified. Alternative splicing of
placental B-glucuronidase pre-mmRNA leads to the skipping of a 153 bp exon. More
complex alternatively spliced transcripts have been identified for acid
sphingomyelinase and acid B-galactosidase. In human placenta and fibroblasts 10% of
the sphingomyelinase mRNA pool lacks an exon of 172 bp, but instead contains an in
frame 40 bp intronic sequence, eacoding 13 aminoacids not present in the normal
protein (Quintern e al., 1989). A ¢cDNA derived from the latter transcript was also
isolated from a retina ¢DNA Hbrary (Schuchmann et al, 1991). A third type of
sphingomyelinase mRNA, with a frequency of Iess than 1% lacks only the 172 bp
exon {Schuchmann er «l,, 1991). This third type of mRNA has been isolated from a
human 1estis ¢DNA library and is also present in placenta. In human testis and
cultured fibroblasts, alternative splicing of B-galactosidase pre-mRNA occurs involving
the exclusion of 3 different exons (see chapter 2).

In human brain only minor amounts of an alternate o-N-
acetylgatactosaminidase mRNA is encountered, containing a 70 bp insertion
{Yamauchi, 1990). Genomic analysis, however, could not identify the 70 bp stretch
within the intervening sequences (Wang et al,, 1990). Curiously, a deletion of 45 bp In
the normal a-N-acetylgalactosaminidase reessage, approximately at the same position
of the 70 bp insertion, has been also detected in yet another altermatively spliced
transcript. {Wang et al., 1950).

A 9 bp insertion, normally occurring in mRNA encoding the sulfatide
activator protein (SAP-I) has been identified in ¢DNA clones from bepatoma-, lung-
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and skin fibroblast- libraries (Nakano er al., 1989). Two ¢DNAs with a 9 bp and 6 bp
insertion, respectively, overlapping for six nucleotides have been PCR-amplified from
human fibroblasts. The 9 bp insertion is encoded by a separate exon (Holtschmidt er
al., 1990; Zhang er al., 1991).

Transient expression in COS-I cells of B-glucuronidase (Oshima er al., 1987),
sphingomyelinase (Schuchman er of.,1991) and B-galactosidase (Morrean et al., 1989)
cDNAs derived for alternaltively spliced transcripts gives rise to proteins without
catalytic activity towards standard synthetic substrates and at acidic buffer conditions.
‘Whether tramslated products of the alternate transcripts are presemt in vivo and have
any biological function is at the moment unknown.

In conclusion: the biological role of the alternative splicing among pre-
mRNAs encoding lysosomal hydrolases is unknown. However, it is very tempting to
speculate that generation of these mRNAs is a mode used by the cellular machinery
to regulate expression of a specific enzyme.

Alternate 3" end formation of mRNAs may arise from alternative splicing of
3 exons that each contain a polyadenylation site (see for review Smith er af,, 1989).
More frequently, however, different 3’ ends emerge from the choice of differential
polyadenylation sites present in a single 3’ exon. Transcripts with poly A tails of
variable length and specific features of the 3" UTR seem to have different stabilities
(see for Jackson and Standart, 1990) Furthermore, translation efficiency might be
influenced by alternate 3’ ends. Among the lysosomal enzymes alternate 3 end
formation was described for human arylsulphatase A (Kreysing et al., 1990), B-
hexosaminidase e-chain (Proia and Soravia, 1987), glucocerebrosidase (Reiner er al,
1988), the sulfatide activator precursor protein (Nakao er af., 1989) and human a-N-
acetylgalactosaminidase (Wang er al., 1990).
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CHAPTER 11
2.1 INTRODUCTION TO THE EXPERIMENTAL WORK

2,1L.I B-galactosidase; the enzyme and its deficiency

From 1967 on several patients have been described with excessive accumulation of
Gyy-ganglioside in neuronal tissues as well as glycosaminoglycans and glycopeptides
in visceral organs and other tissues. This syndrome, called Gy -gangliosidosis, is
inherited as an autosomal recessive trait and is characterized by an isolated deficiency
of acid B-D-galactosidase (Sacrez er al, 1967; Okada and O’Brien, 1968). Depending
on the clinical symptomatology, patients with this disease have been classified as
having either the severe infantile, or the mild juvenile and adult form of the disease
(O’Brien, 1989). Residual activity of B-galactosidase among these clinically distinct
patients ranges from less than 1% to 15% of normal levels. Patients with the infantile
form show a severe neurodegenerative disorder with psychomoter deterioration,
macular cherry-red spots, bone abnormalities and hepatosplenomegaly. These features
lead to an early death. A milder clinical course with slow progressive mental
deterioration, only slight bone abnormalities or visceromegaly is seen in patients with
the late-infantile/fuvenile form. Features such as dysarthria, choreoathetosis, mild or
absent bone abnormalities, only little or no intellectual impairment and a prolonged
life expectancy are characteristic of adult cases.

A second lysosomal storage disorder, Morquio B syndrome, classified as one
of the mucopolysaccharidoses, is also due to a single deficiency of acid 8-galactosidase
(O'Brien et al, 1976; Groebe er al 1980). The residual enzyme activity in these cases
is about 109 of normal levels. The patients present with a progressive skeletal
dysplasia within the first decade of life, but, in contrast to those with Gyy-
gangliosidosis, they have no neurological impairment since they do not accumulate
Ghy-ganglioside in neuronal tissues. In fact, the residual §-galactosidase in Morquio B
syndrome has been shown to have an altered Km, affecting its affinity for
keratansulfate and oligosaccharide substrates but not for Gy,-ganglieside (Paschke
and Kresse, 1982; van der Horst, 1983).

Lysosomal B-D-galactosidase hydrolazes non-reducing terminal galactose
moieties from a wide variety of substrates, like Gy -gangliosidosis, asialo-Gyy-
gangliosides, asialofetuin, keratansulfate, lactosylceramide and glycopeptides (O’Brien,
1989; Conzelmann and Sandhoff, 1987). The enzyme bhas a pH optimum of ~4.2, is
bear labile and is activated by chloride ions. The halflife of B-galactosidase ranges
from 2.0-3.5 days in mouse macrophages (Skudlarek and Swank, 1981; Tropea er al,
1988) to 10 days in human skin fibroblasts (van Diggelen et al, 1981). In vitro
degradation of lipid substrates, like Gy,,-ganglioside, by B-galactosidase is accelerated
in the presence of the activator protein, SAP-1 (Fischer and Jatzkewitz, 1975; Li and
Li, 1976). The latter probably functions as a natural detergent, extracting the water
inscluble substrate from membranes to make it available for hydrolysis. The enzyme
also hydrolyzes artificial substrates, among which is the fluorescent compound 4-
methylumbelliferyl-8-D-galactopyraneside, used in most studies.

In 2 genectically distinct iysosomal storage disease, named galactosialidosis
{Andria er al, 1981), a coexistent deficiency of 8-D-galactosidase and N-acetyl-a-
neuraminidase is caused by a primary defect of the so called protective protein
(T Azzo ef al, 1982). After the first report of a patient with such a combined B3-
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galactosidase and neuraminidase deficiency {Wenger er al, 1978), a number of cases
have emerged, originally diagnosed as variants of Gy, -gangliosidosis. This disorder is
rare and is transmitted with an autosomal recessive mode of inheritance. Based on
the age of onset of the disease three phenotypes are again distinguished, ranging from
severe early infantile forms resulting in early death or fetal hydrops to late infantile
and juvenile/adult cases with milder manifestations and slower progression of the
disease (see for reviews, Andriz er al, 1981; Galjaard et al, 1984; Suzuki er al, 1984;
O'Brien, 1986). The accumulated products in placenta and wurine from
galactosialidosis patients are mainly sialylated oligosaccharides, as in the disorder
sialidosis, due to an isolated neuraminidase deficiency (Okada et al, 1978; van Pelt er
al., 1988a; 1988b; 1989). Thus, the major cause of the pathogenesis in these patients
seems to be the very severe deficiency of neuraminidase activity (<1%). The 10-15%
residual B-galactosidase activity is apparently sufficient to remove terminal galactosyl
residues.

. 2.1.2 B-galactosidase/protective protein/meuraminidase complex

The enzymatic properties of B-galactosidase have been extensively studied in a
number of tissues and species. Depending upon the extraction procedure and source
of material, B-galactosidase activity is recovered in mono-, di- tetra- and multimeric
forms (e.g. Hoeksema er al, 1979; Norden er al., 1974; Verheijen er al, 1982; 1985;
Hoogeveen et al, 1983; Yamamoto er al, 1982; Yamamoto and Nishimura, 1987;
Potier et al. 1990; Scheibe er al, 1990). The mature enzyme can be isolated using the
affinity matrix p-aminophenylthiogalactoside-CH-Sepharose (van Diggelen et al,
1981). Using this purification procedure, B-galactosidase was shown to copurify in
complex with the protective protein and neuraminidase from bovine and porcine testis
as well as human placenta glycoprotein preparations (Verheijen er al, 1982; 1985;
Yamamoto and Nishimura, 1987). A number of studies have pointed to the fact that
B-galactosidase, protective protein and neuraminidase form a complex because they
depend on each other for the acquisition of full enzymatic activity and stability in
lysosomes (d’Azzo er al. 1982; Hoogeveen et al, 1983; Verheijen ef al, 1985; van der
Horst er al, 1989). In particular, the protective protein has been shown, to promote
multimerization of B-galactosidase monomers, thereby preventing their rapid
intralysosomal degradation (Hoogeveen et al, 1983). From studies on lysosomal
neuraminidase, it has become clear that the latter dissociated from the rest of the
complex is imactive (Verheijen er al, 1982; 1985). It has further been determined by
in_vitro reconstitution experiments that neuraminidase needs to associate with the
protective protein to be enzymatically active. Additional interaction with B-
galactosidase confers stability to this enzyme (van der Horst er al, 1989). The
stoichometry of the complex is mot yet understood, althought Potler and coworkers
(1990) have attempted to determine the molecular distribution of the three enzymes
after gel filtration and HPLC of a purified placental preparation. These authors have
detected three distinet forms with B-galactosidase activity, of which only the largest
species, with a molecular mass of about 680 kDa, expressed neuraminidase activity.
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2.1.3 Biosynthesis and precessing of B-galactosidase
Immunoprecipitation experiments, using anti-B-galactosidase antibodies have revealed
that in normal cultured fibroblasts B-galactosidase is synthesized as a precursor of 85
kDa which is posttranslationally processed through a number of steps into a mature
64-kDa enzyme (d'Azzo er al, 1982). A partially processed intermediate of 66 kDa is
occasionally observed in normal and galactosialidosis fibroblasts, that have been
treated with the protease inhibitor leupeptin (d’Azzo er al, 1982; Palmeri er 4L, 1986).
A similar processing patters has been observed for murine B-galactosidase in
macrophages (Skudlarek and Swank, 1979). The same authors have more recently
studied the biosynmthesis and maturation of the enzyme in mouse kidney after
incorporation of either *[H]fucose or **[S]methionine, followed by
immunoprecipitation with monospecific antibodies (Skudlarek and Swank, 1988).
Forms of 85, 65 and 58 kDa are labeled with *[H]fucose. However, after labeling with
*[Skmethionine, polypeptides of 83, 63 and 56 kDa are immunoprecipitated. They
have concluded that fucose-containing B-galactosidase must represent a very small
percentage of the total precursor pool. In contrast to the total pool of B-galactosidase
labeled with *[S]methionine, the 3H]fucose labeled molecules are very rapidly
processed, after acquiring this sugar residue in the Golgi complex. Furthermore, it has
been shown for maerophages labeled with *[Hjmannose and for mouse kiduey labeled
with 3[H]fucose that proteolytic maturation of B-galactosidase releases peptides, which
are heavily glycosylated (Skudlarek and Swank, 1981; 1988). It has been calculated
that the mature enzyme purified from human liver and mouse macrophages contains
only three carbohydrate chains per molecule (Overdijk er al, 1986; Tropea er al,
1988).

Studies on the biosynthesis and processing of 8-galactosidase in mutant cells
have shown that in fibroblasts of an infantile and an adult Gyy-gangliosidosis patient
2 normally sized B-galactosidase precursor protein is synthesized in a reduced amount
and no mature form is detected. However, in a Morquio B cell strain synthesis and
processing of the enzyme occur normally (Hoogeveen et al, 1984). In cells from
clinically different galactosialidosis patients B-galactosidase is synthesized as a
precursor molecule in normal amounts, only partiaily processed and rapidly degraded
(d'Azzo er al, 1982; Palmeri er «l, 1986). This is in agreement with the calculated
turnover time of the enzyme in these mutant cells which is about ten-fold higher than
that of the normal enzyme due to the deficiency of the protective protein (van
Diggelen et al., 1982).

2.1.4 B-Galactosidase genes and cDNAs
The ¢<DNAs and genes encoding human and mouse B-galactosidase have been isolated
and characterized (see publication 1 and 2; Nanba and Suzuki, 1990; 1991; Oshima et
al, 1988; Yamamoto er al, 1990). The primary structure and expression of the human
lysosomal enzyme as well as of a B-galactosidase-related protein derived from an
alternatively spliced transcript are described in publication 1. The latter protein is
transported to the Golgi complex but does not reach the lysosomes and is inactive
towards the artificial substrates used (publication 1). The amino acid sequence of
murine B-galactosidase, deduced from fis cloned ¢DNA, is about 80% identical to that
of the human enzyme (Nanmba and Suzulki, 1990). Similarity is significantly lower at
the C-termini of the two proteins, where 30 additional residues are encountered only
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in the human molecule. Of the seven potential N-linked glycosylation sites present in
bhuman B-galactosidase {publication 1), five are found at conserved positions in the
murine enzyme, that carries eight in total. All cysteine residues are conserved
between the two species, only one extra is present in the human protein.

The analysis of the gene encoding human B-galactosidase and the partial
characterization of its promoter region are described in publication 2. The mouse
gene spans more than 80 kb of genomic DNA and consists, like the human gene, of
16 exons (Nanba and Suzuki, 1991). Exon/intron boundaries are completely
conserved between the two species. The only difference is the length of exon I, XJI
and XVL Analysis of the murine promoter region has revealed several potential
binding sites for the transcription factor SP1 within a GC-rich region, as it is the case
for the human promoter. Furthermore, no TATA or CCAAT boxes are found at
typical positions. Thus, the murine as well as the human promoter regions have
characteristics of housekeeping gene promoters (see publication 2; Nanba and Suzulki,
1991). :

The gene encoding human B-galactosidase has been localized on the short
arm of chromosome 3 (Shows er al, 1579; Naylor et oL, 1982). Recent mapping of
somatic cell hybrids with a partial 8-galactosidase ¢cDNA has located the gene in the
region 3p2l-3pter (Yamamoto et al, 1990). The murine gene is on chromosome 9
(Shows er al., 1979; Naylor et al, 1982).

The characterization of the human B-galactosidase ¢cDNA has enabled the
identification of several mutations underlying different clinical forms of Gyy-
gangliosidosis and Morquio B syndrome. The analysis of one genetic lesion present in
two siblings with the severe infantile form of Gyy-gangliosidosis is described in
publication 3. The mutations identified in clinically distinct Japanese patients are
summarized in the table on page 28 (see References therein), In this table nucleotide
and resulting amino acid changes are correlated with mRNA and protein expression.
Five of the six Gyy-gangliosidosis patients with the infantile form camy different
mutations, although in most of the cases only one allele has been identified. The 8-
galactosidase activity measured after expression of the single allelic mutation in either
COS-1 cells or transformed G,-gangliosidosis fibroblasts seem to match with an
infantile phenotype. The C to T base substitution at position 1369 of the cDNA
creates a stop codon and might render the mRNA unstable, since only trace amount
of B-galactosidase transcript is detected on Northern blots. Among 5 juvenile Gy~
gangliosidosis patients a2 common mutation is found, where Arg®™ is changed into a
Cys. Unfortunately, expression of this mutation in either COS-1 cells or transformed
Gyy-gangliosidosis  fibroblasts gives different results in two laboratories, The
substitution of Hle®! to Thr is found in all adult patients. Ten of them are homozygotes
for this mutation, whereas one is a compound heterozygote carrying a Gln instead of
an Arg at position 457 in the other mutant allele. Expression data are in agreement
with the aduit phenotype. One common mutation, consisting of a substitution of
Trp*™™ to Leu, is detected in mRNA samples of three different Morquio B patients.

2.1.5 B-Galactosidase and protective protein
As mentioned earlier, B-galactosidase requires the presence of the protective protein
to resist rapid degradation in lysosomes. In fact, in normal cells at least part of the
total protective protein pool is associated with B-galactosidase and neuraminidase.
This is reflected in the existence in galactosialidosis patients of a cornbined deficiency
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of the two glycosidases due to a primary defect of the protective protein (see 3.1.1;
3.1.2 and References therein).

Little was known about the structural and enzymatic properties of the
protective protein before the isolation and characterization of its ¢DNA. The
biogenesis of the protective protein and its multifunctional activities have been
recently reviewed in extent (Galjart, 1991).

In normal tissuzes and cultured cells the protective protein is synthesized as 2
54-kDa precursor that is modified in the lysosomal/endosomal compartment into a
two-chain mature product of 32- and 20- kDa polypeptides, held together by disulfide
bridges (Galjart er al, 1988). The predicted amino acid sequences of human, mouse
and chicken protective proteins have a high degree of identity among each other and
are homologous to the serine carboxypeptidase family of enzymes (Galjart er al., 1988;
1950 and publication 4). Furthermore, the human protein is likely to be identical to a
deamidase/carboxypeptidase isolated from human platelets that is involved in the
degradation at least in vitro of bioactive peptides, like oxytocin, substance P,
angiotensin I and endothelin I (Jackman et al., 1990; 1992). We have established that
the protective protein can function as a carboxypeptidase and that its catalytic activity
overlaps with that of lysosomal cathepsin A (se¢ publication 4 and references
therein). The generation of active site mutants of the human protective protein
brought us to the understanding that its catalytic activity is distinet from its protective
function towards fB-galactosidase and neuraminidase. These findings are discussed in
publication 4. Finally, we have anzalyzed a set of mutated protective proteins, carrying
targeted amino acid substitutions, in order to define signals in the buman protein
important for its intracellular transport, and to determine the site of its association
with B-galactosidase. These results and major conclusions are reported in publication
5.
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Clinical sublypes i Ao acid changes | mRNA BESQZE&?:%* o
G,gangliosidosis | | 1 Allele | Alele |l i gases || RAeferences
9474 - Tyr™+Cys | - + 4 1 Yoshida et al,, 1991
Duplicatlon -
1068-1233 Frameshift | - 4 2 Yoshida et al., 1991
infantile 3677 Glyc'™Arg + 5" i Yoshida et al., 1991
14557 Arg™+Cys +/- ND® i Nishimoto et al,, 1981
1369°7 1369°7 [ Arg™<Ter | Arg™-Ter | - ND*® ND* 1 Nishimoto et al., 1991
102 1 Yoshida et al,, 1891
Late Infanlile/ 601°7 - | Arg®*Cys + ND* 3 Nishimoto el al,, 1991
Juvenile 60157 60157 §f Arg™-Cys | Arg™-Cys [ + ND* ND*® Nishimoto et al,, 1991
Adult/chronic 152'¢ 1370%* B le*Thr Arg¥-Gin | + 325 8 i Yoshida et al., 1991
325* 325" 4 Yoshida et al., 1991
152™° 152™° # #18*-Thr le*+Thr + ND*® ND* 6 Nishimoto et al,, 1691
Morguio B 817-818"°" | 1527°" [ Trp™™Leu | Trp**=Cys | + t Oshima et al., 1991
817-818"°°" | 1445°* || Tip¥bleu | Arg"-His 1 + 2 Oshima et al., 1991

11

nmol/mg protein/hour;
expression in G,,-gangliosidosis fibroblasts

¢ expression in COS-1 cells,

ND

1

Not Detected
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We have isclated two ¢DNAs encoding bhuman lyso-
somal g-galactosidasgo, the enzyme deficient in Gp-
ganpliosidogis and Morquie B syndrome, and a g-ga-
lactosidase-related protein. In totak RNA {rom normal
fibroblasts a major MRNA of about 2.5 kilobases (kb)
is recognized by ¢DNA probes. A minor teanscript of
about 2.0 kb is visible only in immunaoselectod polyso~
mal RNA. A heterogeneous pattern of expression of the
2.5-kb f-galactosidase transcript is observed in fibro-
blasts from different Gu-gangliosidesis patieats. The
nucieotide sequences of the two cDINAs are extensively
eplinear. However, the short cDINA misses two noncon-
tigaons protein-encoding regiens (1 and 2} present in
the long ¢cDNA. The exclusion of region 1 in the short
molecule introduces a frameshift in its 3’-flanking se-
quence, which is restored by the exclusion of region 2.
These findings imply the existence of two mBNA tem-
plates, which are read in a different frame only in the
nucleotide stretch between regions 1 and 2. Sequence
analysis of genomic exons of the S-galactosidase gene
shows that the short mRNA is generated by alternative
splicing. The long and short ¢DNAs dirvect the synthesis
in COS-1 cells of g-galactosidase polypeptides of 85
and 68 kDa, respectively. Only the long protein is
catalytically active under the assay ¢onditions used,
and it is capable of correcting g-galactosidase activity
after endocytosis by Gon-gangliosidesis fibroblasts.
The subcellular localization of cDINA-encoded F-galac-
tosidase and F-galactosidase-related proteins is differ-
ent.

Acid #-p-galactosidase (EC 3.2.1.23) is the lysosomal hy-
drolase that cleaves g-iinked terminal galactosy! residues from
pangliosides, glycoproteins, glycosaminoglycans, as well as a
variety of artificial substrates (reviewed in Refs. 1, 2). The
gene coding for the human enzvme has been localized on
chromosome 3 (3). Mutations in the f-galactosidase locus
cause deficient or reduced enzyme activity and patholegeal
accurnulation of undigested metabelites in lyscacmes, The
resulting metabelic storage diseases are Gyn'-gangliosidosis

“The costs of publication of thiz article were defrayed in part by
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and Morquio B syndrome (4—6). Among Gwy-gangliosidosis
patients different clinical phenotypes have been described
that axe <lossified 2s severe infantile, juvenile or mild infan-
tile, and adult forms with residual S-galactosidase activity
ranging from <1 t0 15% of normal levels (reviewed in Refs,
1, 7.

The biogynthesis and processing of S-galactosidese bava
been studied in normal and mutant human fibrobiasts. The
enzyme is synthesized as an 85-kDa precursor, which is post-
tranalationally processed to the mature Iysosomal form of 64
kDa (8). In cells of an infantile and an adult Gy -gangliosi-
dosia patient, the precursor protein wag found to be synthe-
sized in a low amount, but no mature form could be detected
(8). In a Morguio B cell strain, synthesis and processing of g-
galactosidase proceed normally (9).

Lysosomal S-galactosidase has been purified to apparent
homogeneity from various sources and species (reviewed in
Ref. 2). In mamupalison tissues (10, 11) as well as in human
cultured fibroblasts (12) the majority of the active enzyme is
present in a high molecular weight aggregate, and only a sxall
froction of the enzyme is found as monomeric 64-kDa poly-
peptide. It has been demonstrated that the aforementioned
aggregate includes other plycoproteins: the heterodimersc 32—
20-kDa “protective protein” (8, 13-15) and, under certain
experjmental conditions, the lysosomal neuraminidase (16).
It is likely that these three glycoproteins, J-galactosidnse-
neuraminidase—protective protein, form a specific complex
within lvsosomes sinee they copurify, by virtue of their asso-
ciation, and they influence each other's activity and stability
(16, 17). Recently, Oshima et ol (18) have published the
sequence of the lysosomal S-galactosidase, deduced from its
¢DNA.

‘We report on the cloning, sequence, and expression of two
distinet ¢DNAs encoding the classic lysosomal form of the
enzyme and a g-galactosidase-related pretein witk no enzy.
matic activity and a different subcellular localization. We
provide evidence thas the Jatter derives from alternatively
#pliced precursor mRINA.

EXPERIMENTAL PROCEDURES

Materiais—Restriction endonucleases were purchased from the
following companies: Boehringer Mannheim, Bethesda Research
Laborateries (BRL), New England Biolabs, Pharmacio LKR Biotec.
nolegy In¢., and Promegn Biotee. DNA polymerase, Klenow {ragment,
wos from Promega Biotec, T, polynucleotide kinase, avian myelo-
blastosis virus reverse transcriptase, M13 reverse sequencing primer,
deoxy and dideoxy nueleotides, pTZ18 and pTZ12 plasmid vectors
were obtained from Pharmacin LLKB Biotechnology Ine. T. DNA
Ligase was from BRL. The sequenase and the sequencing kit were
purchased from United States Biochemical Corp. Tag polymernse
was{rom Cetus Corp. Immunoprecipitin {formalin-fixed Staphyloccus
aureus cells) and presr.mned molecular weight markers were from
BRL. Radi ! b d from Amersham Corp.: [«-P)
dATP and ia-*'?]dC’I'P 3000 Ci/mmol; [y-"PIdATP, 6000 Ci/mmol;
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{0-"8|dATPaS, >1000 Ci/mmol: [*Sjmethienine, >1000 Ci/mmol.
All other reagents were from standard commercial supphers, i not
specified otherwise.

Cell Quiture—Human skin fibroblasts from normal individuals,
Tour patients with Gy -panpliosidosis, and one obligated heterozyrots
were obtained {rom the European Humon Cell Bank, Roterdam (D1
W. J. Kiever). Fibroblasts were ¢ultured in Dulbecco’s modified
Eagles medium/Ham's F10 medium (1:1 v/v] supplemented with
antubioties and 1057 fets] bovine perum. COS-1 cells were grown in
the same medium supplemented with 5% letal bovine rerum.,

Protein Sequence Analvsis—Human plagental -goloctosidase wis
purified together with neuraminidase and provective protein, ns de-
reribed previously (173, The different components were separated by
SDE-PAGE, under reducing conditions according to Hasilik nnd
Neufeld (39). The £4-kDa f-galactonidase band was digested in sitw
with tosviphenylalanyl chioromethy] ketone-treated trvpun (Wor-
thington Dirgnostic Svstems Ine., United Kingdom). Tryptic peptides
wete fractionated by HPLC (Waters 6000 System) and sequenced by
automated Edman degradation on an Applied Biosystems 470A gas-
phase peptide sequenator as described previously {15}, For N-terminal
sequence analvais, approximately 50-100 pg of the purified complex
was separated as above, and the protein components were biotted
ageinst Immobilon PVDV tranefer membranes (Millipore Corp.). A
filter piece containing the 64-kDu protein was exeised and used ax
starting meteriol for mutomated Edman degradation (20).

cDNA Librare Screening—A human testis ¢DNA lbrary in Agtll
tClontech, Palo Alto, CA), consisting of 1 X 10° independent clones
with insert sizes ranging from 0.7 to 3.3 kb, was plated out at &
denaity of 5 X 10* plaque-forming urits per 90-mm plate and seteened
with ant-g-palactosidase antibodies ae described previously (21).
Antibody-positive clones were rescreened with oligopucleotide probes
labeled at the &7 end with P using v- P and polvnuclectide kinase
{22). The probes were synthesized on an Applied Biosvsterms 361A
oligonucleotide synthesizer, Hvbridization snd weshing conditions
were os described (23).

DNA Sequencing—HEGalS) and HEGa(L) «<DNAs and their re-
striction {raffments were subcloned inte plasmid vectors pTZ18 and
pTZ19. Nucleotide sequences on both strands were obtwned by the
dideoxy chain termination metheds of Sanger et al (24), for single-
stranded DNA, and of Murphy apd Kavanagh (25), for double-
stranded DNA, M13 universal reverse primer and a synthetic aligo-
nuclectide were used. Sequence data were analvzed using the program
of Steden {26).

Isolation and Sequencing of Genomic 8-Galactosidase h Clones—A
human EMEL-3 A library (kindly provided by Dr. G. Grosveld,
Erasmur University, Rotterdam), derived from DNA of leukocytes of
2 chronie myeleid leukemia patient, was screened with the 5 850-bp
EcoR! fragment of cDINA clone HSGa(L). The inserts of three over-
lapping & clonen were subeloned inte the plasmid vector pTZ18.
Sequences of genomic exons were determined by the chain termina-
tion method on double-stranded DINA, using synthetic oligonucleotide
primers derived from the S-galactesidase cDNA sequence.

RNA Isolation and Northern Blot Hybridization—Total RNA was
woluted from cultured fibreblasts as described (27). Polysomal
mRNA, im lected using antibodies raised againat purified pla-
cental complex, was obtained following the procedure of Myerowitz
and Proia {28). RNA samples were electrophoresed on a 1% agnrose
fel containing 0.66 M formaldehvde as deseribed (29) and blotted
onte nylon membranes {Zetn-Probe}, The filter was hybridized with
the ¢DNA probe labeled according to the procedure of Feinberg and
Vogelstewn {30).

Polymerase Chain Reaction—10-15 pg of ttal RNA and about 50
np of polysomal ENA were reverse transcribed into single-stranded
c¢DNA using two antisense oligenucleotide primers and avian myelo-
blastosis virus reverse transriptase. Subsequently, partial cDNAs
were amplified in the presence of g third sense primer and Tag
polymerase as deseribed (31), using a programmable DNA incubator
{BiaExcellence}. Amplified material was separated on 2% aparose
gels and biotted onto Zeta-Probe membrones. Filters were bybridized
using either type-specific aligonucleotide probes or a $0:bp PstI DNA
fragment. These probes were labeled as mentioned above.

Transient Expression of g-Gelactosidase ¢DNAs in COS-1 Cells—
Subcloning of the two ¢cDNAs into & derivative of the mammalian
expression vegtor pCD-X and conditions of transfections of
pCOHAGa constructs 10 COS-1 cells were as described previously
(15} Labeling with Simethionine was cortied ot in the presence
or absence of NH,Ci {19). Radiolabeled ¢DNA-encoded §-gal id-
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concentrates occording to the method of Proia of el {32). Immuno-
precipitated proteins were revolved on SDS-PAGE under reducing
conditions. Radicactive bands were visualized by fluorography of gels
imprepnated with Amplify (Amersham Corp.). Apparent molecular
weights were calculated with conventionnl marker proteins, 4-Galac-
tosidase setivity in CO8-1-transfected cells was measured with arti-
ficinl 4-methylumbellifery] substrate using standard sssay conditions
7.

Uptake Studies in Human Cells—The preparation of conditioned
media used in uptake studies and the experimental eenditions were
as reported (15). Human recipient celle were from on infantile G-
gongliosidosis patient (Fig. 5, patient [I). They were sceded on 6-well
platen 4 days before addition of conditioned media. The uptake was
corried for a further 3 days. Cells were harvested by trypsinization
and homogenized by vorwmng in double-distilled water. Enzvme
setivities were measured in cell bomopenates using  4-meth-
viumbelliferv] substrotes (7).

Indirect Immunofluorescence-For light microscopy, COS8-1 cells
were transfected with pCDHBGa constructs as above, but omitting
the labeling step. Twelve hours before harvesting, tranafected celle
were Teseeded at a Jow density on coverslips. Fixation and immuno-
labeling were performed necording to Ref. 32 uming anti-g-galactosid-
ase antibodies and goat anti-(rabbit IsG) conjugated with fuorescein
in the seeend incubation step.

RESULTS

Partic! Amino Acid Sequence and Isclation of Antibodies—
The §-galactosidase, neurammnidase, protective protein com-
plex was purified frors human placenta, and its components
were separated by SDS-PAGE under reducing conditions. The
64-kDa g-galactosidase, electrociuted from the gel, was used
to raise monospecific polyclonal antibodies in rabbit. This
antibody preparation. tested in biosynthetic labeling experi-
ments and Western Blots, precipitates both mature and pro-
cursor forms of §-galactosidase (data not shown). In addition,
a gel slice containing the 64-kDa protein was digested in situ
with trypsin, and the resulting peptides were fractionated by
reverse-phase HPL.C. Five of the ¢ligopeptides were subjected
to automated Edman degradation, but only three of them gave
an unambiguous amino acid seguence (Fig. 14). We also
sequenced the N terminus of intact marure 84-kDa §-galag-
tosidnse. A stretch of 18 amino acid residues was obtained in
this case (Fig. LA, N-ter).

Isolation ard Chargeterization of cDNA Clones—QOne tryptic
peptide sequence (T3) and the N-terminal sequence were used
to synthesize two oligonuclectide probes complementary to
the mRNA (Fig. 1B). Probe 1, 2 unique 45-mer, was con-
strueted on the basis of codon usage frequencies In mamma-
liar: proteins, whereas probe 2, 2 17-mer, was degenerated. A
human testis Agtll ¢DNA expression library waos first
screened with anti-g-galnetosidase antibodies. Several recom-
binant clones were isolated and rescreened with beoth eoligo-
nucleotide probes. One clone, ABSGa39. with a total insert
size of 1.7 kb, carried an internal EcoRlI site which released,
upen digestion with EcoRl, two {ragments of 500 and 1200
bp, hybridizing with probe 2 and 1. respectively. These results
supported the identity of the ¢DNA and defined its orienta-
tion. Partial nuclectide sequencing of this cDNA revealed the
presence of a putative ATG transiation start cedon, but the
absence of a polvadenylation signal. /n vitro translation of
total RNA from cultured fibroblasts established a moleculor
mass of about 73 kDa for the non-glycosylated g-galactosidase
preproform.t Therefore, \HEGa39 could not contain the entire
coding region of §-gelactosidase precursor. Rescreening of the
library with this cDNA probe yielded a clone, AHSGa(L), that
consisted of & 5° EcoRI fragment of 850 bp and 2 3' fragmoent
of 1550 bp, Both ¢DNAs were subeloned into pTZ18 and
pTZ18, subjected to restriction endonucleasé anslysis, and

as¢ proteins were immunoprecipitated from cell extracts and mediurn

* G, T. J. van der Horst, unpublished dota.
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A
Sample Aminoacid sequence
-
Tl DIAVAXXLYDILAR
ped FAYEX
T3 AIVAVDGEIPAQGVLER
N-ter QRMFEIDYSROSFLEDGQ
B
Sample 0ligonucleotide probes
T3 A Y ¥ A ¥ D G I .P 1
GCE TAC GTG CCC GIG CAC GGT AT CCC
Q c ¥ L E R
CAG GOL GTG CTE CaG 6T
W-ter ¥ F E I D 2}
ATG TIT GAA ATT GAT GA
c 6 € ¢T
A

[

F16. 1. Partiad amino acid sequences of pincental g-galac-
tosidase and oligonucleotide probes, A, T7-T3 are the amine acid
sequences of three trypuic peptides derived from purified human
placental g-galactosidase. N-zer indicates the amino terminal se-
quence of the mature protein. Asterisk refors to 5 discrepancy between
chemically derived and predicted amino acid sequences; unassipned
residues are indicated by X, Amino a¢ids are identified by the single-
lotter code, B, T3 and part of N-ter were used t0 synthesize oliponu-
clectide probes 1 and 2. Mismatches to the actual ¢DNA sequence
are underiined.

£esAl
Pewll Prupsl
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Al Alug
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Fig. 2. Composite restriction maps and requencing strategy
of HAGa ¢cDNA clones. All restriction enzyme sites in the <DNAs
used for subcloning are shown. Arrows indicate the dire¢tion and
extent of sequencing reactions. Cross-hatched boxes represent the two
protein-coding regions notpresent in the short -galactosidose cDINAL
Broken errows indicate sequencing reactions used for the short clone,
Arrguws starting with a pertical linc represent 5° or 3° sequences of
independent cDNAs. The errow starting with a solid squere bor was
a sequence reaction primed with & synthetic cligonucleotide, The
hatehed and solid bars are the 3'- and 3°-untranslated regiona, re-
spectively.

sequenced using the dideoxy chain termination method (24).
In Fig. 2 n compendium of the partinl restriction maps of the
two ¢DNAs is depicted together with the nucleotide sequenc-
ing strategy used. The complete sequences of H3Ga39 and
H3Ga(L) are combined in Fig. 3,

A common ATG transiation initiation coden is found at
the 3° end of both ¢DNAs (Fig. 3, positton 51)- This ATG
represents the beginming of an open reading frame for
HAGa(L) of 2031 nucleotides, whick is Interrupted by three
consecutive stop codons, and 1t is flanked at the 3” end by a
318-nucleotide untranslated region, A putative polyadenyl-
ation signal (AATAAA) is present at position 2379. The

39
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sequences of the twoe cDNAs from their internal EcoRI site
toward the 37 end zre identical, except that HEGa39 misses
the last 412 nucleotides including 94 bp of coding sequence
and the 3'-untranslated region with the polyadenylation sig-
aal, Although there is ne direct proof that the 3° ends of the
mRINAs specifying the two sDNAs are the saxne, 51 nuelease
protection analysis of this region did not reveal the presence
of differentially spliced wranseripts (data not shown). There-
fore, it is likely hat HSGa39 is & partial cDNA truncated at
the 3° end. In controst. a comparison of the §° ends of the
wo clones revealed algnificent differences, The EceRI frag-
ment encompassing the 5° end of HEGa29 is 393 nucleotides
shorter than the corresponding fragment of HSGa(L). The
misging sequences Comprise two stretches (bozed in Fig. 3),
one of 212 nuecleotides, between pesitions 295 and 308, and
one of 181 nucleotides, between positions 602 and 784 (re-
ferred w as regions 1 and 2, respectively). Sequences imme-
diately flanking these regions wre coropletely identical in the
two clones. If translation starts ot the commeon ATG initiation
codon, the exclusion of region 1 causes a —1 frameshift
mutation in the open reading frame of HAGa39 which is
reverted by o +1 frameshift due 1o the exclusion of region 2
In order to obtain & full length ¢cDNA beanng the short 57
end, we have substituted the 37 end EeoRI fragment of
HEGa39 for the HEGa(L). The resulting ¢DNA construet,
HAGa(8), has an open reading frame of 1633 nucleotides,
which starts ot the same ATG (position 51) and is interrupted
by the same stop codon as the long ¢cDINA. These surprising
findings imply the existence of two Z-galactosidase mRNA
templates, encoding proteins that are translated in differeng
{rames in the 95-nucleotide stretch between the two regions.
To verify whether these swo mRNAs arise by alternative
splicing, we have isolated genomic A clones spanming the areq
of interest. The entire sequence of the exons encoding nucle-
ctides 296-784 in HSGa(L) ¢DNA (Fig. 3} was determined.
In Fig. 4 the exons involved gre schematically shown together
with their exon/intron boundaries. Regien 1 in the long cDNA
is encoded by two exons of 151 and 61 bp, respectively, and
region 2 by one exon of 181 bp. A separate exon specifies the
95-bp sequence between these two regions. The exact mapping
of the different exons within the gene has not been deter-
mined. These results confirm that the two S-galactosidase

. transcripts derive from altermative splicing of the precursor

mRNA.

Predicted Primary Sequences of 8-Gelacrosidase and 3-Ga-,
lactpsidase-related Proteins—As shown in Fig. 3, the two
cDNA clones encode polypeptides of 677 and 546 qmine acids,
respectively, which have the first 82 N-terminal residues in
common. These are followed, in the predicted sequence of the
long cDNA-encoded §-galactosidase, by two noncontiguous
sequences (boxed in Fig 3) of 71 amino atids (residues 83—
153) and 61 amine acids (residues 185-245), which do not
occur in the short protein, referred to as f-paloctosidase-
related, because of splicing out of regions 1 and 2. Conse-
quently, 3 unique stretch of 32 amino acids is found in the 2-
galactosidase-related protein {residucs 83~114), which is dif-
ferent from the sequence hetween regions 1 and 2 (residues
154-185} in the long melecule.

All trypric peptides as well as the N-terminal sequenge of
64-kDa placental f~galactosidase are found in the amino acid
sequence deduced from the cDNAs (Fig. 3, thick line). The
only disagreement 18 ¢ residue 1 of T1 where the experimen-
tally determined residue is aspartic acid (Fig. 14), whereas
the amine acid predicted from the nucleotide sequence of the
two cDNAs is threonine. Both cDNA-encoded proteins start
with a putative signal peptide whick is characterized by an
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] 50 0 i) 110
COCAAG LG OGGCCTRE G0 CCCAC T O CAGA R TR G R AR CT GG T CL T AT G oG AT T L TGS TTC L CA TCC T e TG CTG ST GC T T TG T G LT T LT RGCCC TACGCRCSGCT
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i) i 20
TGOGCM’IT-CCA Gcﬂmmcrﬂmuwuwxmmw '\(:CCJ\Luu-LmCA'i‘CrCAEG.ﬂ hMUM(—'mUmLMM—WILU
25 AT Q& M FEID ¥ G R K FRFY Gd
AL'I'GCN!(?;GA msnzwr«:ccrccccrcmccmTwm 333(:Acacmcmmrrc‘rc2[x‘.ncmrmm
CTCLTGAALA T(KGOC&:'EGM CTITCATGAGCCCTCGECA!
85 kDRLLhHKHAGLNA T|Y v P dNFHEPWPG 104
410 430 450
TCGAATATTITCTT GGGL'.'I'OG mmﬂMWWAQTMWWWMF&HWCWWEAMCW
EY FLR A H ELGLILV LR PGP I L€ AEWEHN K E 5 144
490 10 530 S50 S0 530
CTATTCITCTOCGCTECTGORAS LA TOGCAG TG TORACAAG L TTCERAG TCC T IL T L CCAAGA TRAACCCTC T COTCTATCAGAATC CAGLCC CAGTTATAACACTCE
L, L LLRWS 5T YL A AVDRYLGVY LLPEMXNKP? LLYQNGGEFUVITYQI18
83 LPGSCGQ\'VGSPSAQDEASPLSEHRASYNSA
610 630 650 690
A TGAATATCCCACCTACTTTGCCTC IGATT I TRACTACTTG! GGC!'I'CL'I'C Gcsmmcmmmmm CCACIC&.TGCAGCA«_
1 ENEYESYTACDFDYLRFLQKRFRELH VYL P T H 224
770 790 Bl 830
. _ATAWCATICCIG&MTCIG»GCDCE:GCAGGGCCTCMCACCAUJC}EGACM CAACATCACARATCCT TP TAAGCCAGACGAAGTCTHAGCCCAARGGALCCT
113 L s A VIDFGT SN 1TDATFLSUREKTE ECETPKGESE L 264
B850 a0 950
TGATWTFCI‘GAATTC‘MTACIGCC’{EGE: mmmmwmmmmmcmmmmmmmmmm CLAGTETGA
134 ] HS TTLIZKT VA S 5L Y G A 5 VN304
270 990
ACTIGTACATCT T TATAGGTGOGACCANT TTIGONTA mmmmmwnmnmmsmmccmmammmmmmccmccmm
774 LY HF I GGTNTFEFATUWN A AP L SE 344
110 1130 1150 1170 1130
CTGAGAMTIATI‘I‘ICCI‘CECCGAMQRMTCCAGAAGI‘ITGAMMIACO\CanCTBCTﬁTCCCICGﬁtTACﬁCCAMGmOQ\TATMGCID\mOGMMGHAMGA
214 KFEKY K T LEKLKTI384
1210 1230 1250 1270 1290 1310
CACTCCGAGCACCTCTGRA! Mmmcmcmrmmcccmammmm"rrmmmmw mﬁmmmmccm
254 VG A ALDILGFSGCPINS FLTF vhoaYGzVerTTLPcr&A
Mmﬂsucmcccmcc:c‘rcrumm CCCIGM’IW\CI‘ ATO:A.GO\TATCITGCICIGGAaG CCCCCAGGGAGT{I.'HCAMIO G;AAACMRTIE‘(O'.&TCACICIU
251 NP AP VAVDGIPGCVLLR H 464
1450 490
351 ArmmcnrccmccmmcwcrcmmmmAmwcn G( CCTGTGMCTATQZICCATATATWCGATT[TQAGEWCTN ccrcamcgm’go% 504
e
AT ICC%%KCG:ACTGGACGA m‘rmlsgocrma ”I’CAGC TB(‘J\C‘DCOCGCAGCCA 2 CA(ZIFI‘E;ACAGTGCC&ISSO CCATEATOARGLC (ZGGO:C.I\l 25 CAACTCAT
i A CCTOECGEGCTCRGEAS
374 1 L TDVITILT SHL GG #GERDSGEHENDEAWAHRTUHNS S 544
1730 1770
ccucrnmo:crccoccccrmmm;scmamcmmmm mmmammmmmmwmﬂa
414 AFY MG F51PF5GILPUDLPOGDT I QF FGVTHR 584
1810 1830 185¢ 1870 1910
Ammmmmammscmmmmcmcmummammm CCATCACCSTC
454 ¥ L G R ¥ P ARGPGLTLFVVTP S A P NTTITUVLELENWRAGDGM
1930 1950 1970 2010
mccm‘cc.accncrcmcﬂcmcmﬂmcmmmmccccm mmmccmmmrmmmmmmmcﬁmcc
494 L CAVTFVYDRPVI ¥ 5 K PV E it 864
2050 2070 2110 2130
Cac CAAAGATT mmwmammmnmmmmammm‘r.acmmmcrcccrcrmmcua\mcm 677
53¢ PP O K HKDS VLD

2170 2130 2210
mnmmmmnmmmmmwmmmmmmma CCACCIBCRATUIUPWCGCTCA

2330 2350 2370
U\CCAO\GI‘M WGMIA&TATWWCCMWHWGCIM GATTTTTATTTTCCAMIAATCAT GTIACCI'ETI’TGI‘TNU\TANU\TIT Gl‘ ACTCAARTG

Fic. 3. Combined nucleotide and predicted amino ncid sequences of f-galactosidase ¢DNAs. The
numbers abose the nucleotide sequence refer to HGa(L) cDNA. Numbers on the right and on the left specily the
aming-acids of the long and short §-palactosidase-predicted sequences, respectively. Amino acid sequences
corresponding to tryptic Peptides and N terminus of the mature placental enzyme are indicated with a thick
underline. Potential N-linked glycosylation sites are indicated with a thin underline. The nucleotide and deduced
amino acid sequences of regions 1 and 2 ure boxed. The etretch of 32 omine acid residucs in the short protein,
wrans aved from another frame, because of exclusion of regions 1 and 2, is shown below the ¢orresponding sequence
of the long A-galactosidase. A putative polyadenylation signal is indicated with & doubie underline.

40



Alternative Splicing of 8-Galactosidase mRINA
F

o W T
‘\/’

ExonsIncron Boundaries:

CLATCCAGAC/ rtaagt

CTOGCAAATCS S (gt
TR AR Lt
Mm/ g Kb
TTRCANGH/ ST L e

A
(34"
EAF
G/H
1A

20659
G

N R
~

- tELetty GTATGICCCC
.nl :Ectr m‘m“gwmﬁac
.utntauttcmﬂaﬂm&cc
-Ietrteactea CTTGARAN

CLETLACAAL T TLCAR/CUAGCRACAT

FiG. 4. Exons involved in alternative splicing, generating human g-golactosidnse Jong and short
mARNAs. Boxes represent separate exons; numbers specify their length In base pairs. Interrupted ﬁm depict
Intronic sequences of unkmown size. The sequences of all exons have been determined except for the 5 end of the
!e,f: m.os.t exom and the 3' end of the right-most exon, as indicated by the vertical zig-zog Lnes. Sequences ave

1 to the ¢orresp HBGCa(L) cDNA sequence,
Small arrows specify splicing events gencrating the long 5-
splicing giving rise to the small B-galactosidase transéript,

N-terminal region including a positively charged residue (Arg-
7). & highly hydrophobic core, and o polar C-terminel domain,
The most probable site {or signal peptidase cleavage is Gly-
23 (34}, Seven potential N-linked glycosylation sites are pres-
ent in the predicted primary sequence (Fig, 3, chin line). The
glycosylation site at position 26 is located immediately after
the signal peptide, and it is followed by 18 amino acids
(residues 29-48) that are ¢olinear with the chemically deter-
mined N terminus of the purified placental enzyme. The
predicted M, of unglycosylated 8-galactosidase and 5-galac-
tosidose-related pretein, including the signal pepude. are
76.091 and 60.552, respectively. Their amino acid sequences
were compared with other sequences present in the NBRF
(release 19.0, December 31, 1988} and EMBL (release 18,
February 1988) data base. N significant hemology was found.

RNA Huvbridization Studies—The H3Ga(L) cDNA insert
was labeled by random priming and used to probe total and
pelysemal RNA isolated from cultured fibroblasts of normal
individuals, four Gu-gangliosidosis patients, and one heter-
ozygote. As shown in Fig. 5, an mRNA of about 2.5 kb is the
major transcript detected in normal fibroblasts, The same
hybridization pattern was obtained with total human testis
RNA ({data not shown). When immunocselected polysemal
RNA is applied & faint minor band of about 2.0 kb becomes
visible, It 18 clear that this 2.0-kb species is present in a much
lower amount than the long mRNA. This difference in azount
s nlso reflected by the amount of respective ¢cDNA clones
found in the library {1 versus 12).

The 2.5-kb mRNA Is also detected in total RNA from
fibroblasts of the adult G -gangliosidesia patient (Fig. 5).
However, the three infantile forms of the disease exhibit 2
very different expression pattern. In the first patient {I},
faint broad band is visible. In some gels this band can be
resolved into two, one of which is slightly larger than 2.5 kb
(datn mot shown). The mether of this patient displays a
hybridizing band of normal size but somewhat less intense.
There is no detectable f-galactosidase transcript in the second
infantile patient (I}, whereas in the third patient (III) the
2.5-kb mRNA is present in a tauch lower quantity than in
controls. The Northern blot was rehybridized with a probe
recognizing the glyceraldehyde-3-phosphate dehydrogenase
mRNA (35). Signals of equivalent intensity corresponding to
this 1.2-kb message were detected in all samples (data not
shown). Taken together these results demonstrate that differ-
ent mutarions must be involved in apparently similar G-
gangliosidosis clinical phenotypes.

Detection of Two mRNA Trenseripts by PCR Amplifica-
tion—Since it is difficult 1o visvalize the small mRNA mole-

but only intron/exon boundaries (A to J) are shown.
galactosidase mRNA; large arrows indicato the mode of

Normal
Mother of |
Infant. {
Infant. 1}
intant. TE1
Aduit -~
Non;'mat_
Hormat

=25 kb

2.0 kb
N o :
v dn'ad
total RNA polysamal

FiG. 5. Northern blot analyais of fibroblast RINA. Total and
polysomal fibroblast RNA from three normal individuals and total
[ibroblast RNA from an adult and three infantile Gha-gangliosidosis
patients as well a5 cne heterozygote were {ractionated on a formal-
dehyde-agarsse el and probed with the H3Ga(L) cDNA. The sizes
of the two B-galactosidase tramserpts aze indicated. Exposure time
was 2 days.

cule ¢n Northern blots, we detided to use the polymerase
chain reaction (PCR) 1o increase the detection level and to
screen specific regions of B-galactosidase mRNA(s) for the
pregence or chaence of regions 1 and 2. The strategy applied
in theso experiments is depicted in Fig. 6B. Three oligonucle-
otide primers were designed according to distinct complemen-
tary DNA sequences present in the two f-gulactosidese clones
(sequences are given in the legend to Fig. 6). Their positions,
flanking or within regions 1 and 2, were chosen to direct the
symthesis and amplification of <DINA fragments representa-
tive for the two different mRENA species. Total RNA from
cultured fibroblasts and from buman zestis as well zs polyso-
mal mRNA from fibroblasts were reverse transcribed into
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Fi1G. 6. Detection of two mRNAs for S-galactosidase by PCR
amplification, A, wetal (T Fibr.} and polysomal fibroblast (P. Fibr.}
RNA ond total testis (T Testis) RNA were used to synthesize single-
stranded ¢DNAs that were subsequently subjected 1o 24 rounds of
emplification. Amplified products were reparated on 2% sgarose gels,
blotted, and hybridized with type-specific probes. E. col! tRNA was
in¢luded as contrel. Sizes of the amplified fragments are indicated.
Exposure times were 1 b for lenes 7-6 and 30 min for lanes 7 and &,
B, the EcoRI frogment at the §° end of both ¢DNAs is shown. The
zriengles represent regions 1 and 2; numbers correspond to the nu-
cleotide positions at their 6 and 3° ends. Solid bars 1, 2, J are the
primers used for eDNA syntheses and PCRs, Arrpws indiente their
sense and ontsense orientations. The sequence of the antisense
privver 16 5" -AAGCATCTCTCATGTTGCTG-3': of the antisense
primer 3 is §-ACATTTCAGGAATSTTTTATGTGCT-3": of the
sense primer 2 is 5°-TGGAAGGACCGGCTGCTOAAY . Cross-
hatehed bars desipnate o 90-bp Patl probe and two 20-mer oliponucle-
otide probes, The sequence of the 5-oligonucleotide probe is 5°-
CCATCCAGAC/ATTACCTGGC-3"; of the 3° probe is 5'-AA-
CAGTGCAG/GCAGCAACAT-3".

sinple-stranded ¢DNA using ether antisense primer 1 or 3.
The polvmerase choin reactions were subsequently performed
by adding the sense primer 2. Escherichic coli tRNA was used
in geparate reactions as a negative control. Amplified materiai
was separated on agarose gels and Southern-blotted, In order
to unequivecally distinguish between pmplified fragments
originating from the short or the long mRNA, type-specific
probes were used (Fig. 6B, cross-hatched bars). Two 20-mers
were synthesized on the basis of sequences of the HAGa(S)
¢DNA. which are colinear with the 10 nuclectides flanking
c¢ach end of regions 1 and 2 of HFGa{L) (sequences are given
in the legend to Fig. 6). These 20-mers hybridize, under
stringent conditions, only 1o the ¢DNA fragment derived from
the short mENA. On the other hand the ¢DNA fragment
specifying the long mRNA is detected by a 90-bp Pstl probe
present in region 2. As shown i Fip. 6A. fragments of 163
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and 495 bp. representing the short and the long mRNA,
respectively, are amplified in all samples and are identical in
the two tissues tested (lones 1-3 and 6-8). The identity of
much fainter smaller bands present In Janes 6 and € is un-
known. No hybridizing bands are visible in the tRNA lanes
tlenes 4 and 5). It is noteworthy that the aforementioned
cDNA fragments ¢an alse be amplified from polvsomal RNA.
This implies that the short transeript undergoes translation.

Transient Expression of f-Galactosidese eDNAs in COS-7
Celts—HAGa(S) and HAGa(L) cDNAs were cloned in sense
and antisense orientations into a derivative of the mammalian
expression vector pCD-X and transfected separately to COS-
1 cells. After 48 b, normal and transfected cells were incubated
for an additional 16 h, with [*S]methionine. In some in-
atances the labeling step was done in presence of NILCL to
induce maximal secretion of lysosomal protein precursors
{19). Radiclabeled proteins from cells and media were im-
munoprecipitated with anti-S-galactosidase antibodies. The
tesults are shown in Fig. 7. A f-galactosidase polypeptide of

- 85 kDa is detected intra- and extracellularly after transfection

of COS-1 eells with pCDHFGW L)-sense construet (fanes 1, 2,
and 7, &), A protein of 68 kDa is synthesized and secreted
upon transfection with the pCOHAGo($) -sense plasmid {lenes
3 and 8). Treatment with NH,C1 does not have any detectable
influence. The esumated molecular mass of the large molecule
(85 kDa) correlates with that observed for the glvcosvlated §-
galactosidnse precursor immunoprecipitated in humean eells.
The 68-kDa poivpeptide is & form that was not noticed pre-
viously, These cDNA-derived proteins are not present in
mock-transfected cells or in cells transfected with an anti-

CELLS MEQIUM

pCDHAGA [se [iL)seftslse [(S1a |Mock| nt | [Lse|Lise)iSine
N, Cl |+|—i+|+|+|+—|+-+

1 z 3 L 3 & 7 L] 9

Fi6. 7. Transient expression of pCDHEGa constructs in
CO08-1 cells. The pCDHPGa(L) and pCDHEEGa(8) ¢cDNA conatzucts
in the senee {s¢, fanes 7-3 and 7-9) and ontisense (g, fane 4) orien-
tations were transfected to COS-1 cells. A mock transfection was
carred out without the addition of DNA (lane 5). nt indicates not
transfected {lane §). After 48 h cells were incubated with [*S]methi-
onine for an additional 16 h with and without NHLC! (+ and —).
Labeled proteins from cells and medin were immunoprecipitated with
anti-g-galactosidase antibodies, analyzed on a 12% SDS-polyacryl-
amide gel, and visuolized by fluorogrephy. Molecular sizes were
caleulated by comparison with protein markers. Exposure time for
{ones 1-6 was 1 day and for lapes 7-8 was 1 week.
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sense construct (fores 4 and ). it appears, therefore, that the
angibody preparation used in these experiments hardly ree-
ognizes COS-1 endogenous J-galactosidase, since ungrans-
fected cells alse do not show any cross-reactive bands {fane
). As seen in lanes 1 and 2, the cDNA-derived 85-kDa £-
galactosidase precursor is poorly processed into the mature
64-kDa form in transfected cells. This is due to the transfec-
tion procedure, as observed before (15). A 5-fold increase in
B-galactosidase activity above the endogenous COS-1 values
is measured only in cells transfected with the pCOHAGa(L)-
sense conatruct (Table 1), Using the same assayv conditions,
the g-galactosidese-related molecule is apparently not active.

We also tested whether the ¢DNA-encoded proseins were
able to correct §-galactosidnse activity in G, -gangliosidosis
cells. For this purpose.medium from COS-1 cells transfected
with sense or antisense pCDHPGa constructs az well as me-
dium from mock-transfected cells were collected and concen-
trated. Aliquots of the different conditioned media were added
to the culture medium of fibroblasts from an infantile Gsa-
gangliosidosis patient {patient Il in Fig. 5. After 2 days of
uptoke, activities were measured in cell horogenates using 5-
methyiumbelliferyl substrate. As shown in Table II, CC8-1
cell-derived 85-kDa precursor taken up by Gha-gangliosidosis
cells corrects g-galactosidase activity, In o similor uptake
experiment carried out using radiclabeled secretions from
COS-1-transfected cells, we could demonstrate that the 85-
XDa precursor and the 68-kDa 3-golactosidase-related protein
were taken up by the mutant cells, but only the 85-kDa
precursor was further processed to the mature 84-kDa form
{data not shown).

In order to determine the intracellular distribution of the
two proteins, indirect immunofluorescent staining was per-
formed on transfected cells using anti-g-galactosidase anti-
bodies and fluorescein-labeled second antibodies (Fig. 8)- A
typical lvsosomal distribution as well as unifermly diffuse
perinuclear labeling of $-galactosidase is observed In COB-1
cells transfected with the pCOHBGa(L)-sense construct (Fig.
8A). However, a strong fluoreacent labeling restricted to the
perinuclear region is present in cells transfected with the
short congtruct (Fig, 8B). Adjacent untransiected cells react
poorly with the human antibodies. Taken together, these
results demonstrate that the long and short ¢DNAs direct the

TazLe [
Activity of g-painctosidase in COS-7 colls after trensfestion with
pCDHAGe plasmid DNAs
Plasmid mi*/mg protein
pCDHAGa(L)-sense 39
pCLHAGa(8)-umze L4
pCDHAGa(S)-nnti 1.8
Mock-tranafecred 1.7
Not transtected 1.3

* One milliunit of enzyme activity ls defined s the activity that
releases 1 amel of 4-methylumbelliferene por min.
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synthesis of twe proteins, one of which behaves as the classic
lysosomal §-galactosidase, whereas the other is not enzymat-
ically active at the pH value and substrate concentration used.
This g-galactesidase-related protein alse has a different sub-
cellular lecalization.

DISCUSSION

‘We have isolated and characterized two distinet ¢DNA
clenes encoding human lysesomal §-galactosidase and 2 8-
galactosidase-refated protein, In total RNA from normal ho-
man fibroblasts, o major mRNA of 2.5 kb is recognized by
cDNA probes. A mipor transeript of ahout 2.0 kb is detectable
only in immunoseleeted polysomal RNA. The 2.5-kb 3-galac-
tosidase mBINA is also presont in fibroblasts from the adult
Guurgangliosidosis patient, but it is either absent or reduced
in amount in cells from three patients with the infantile form
of the disease. The pattern of expression of this 8-galactosid-
ase mRNA In patients I and II is consistent with data from
immunoprecipitation studies that established the absence of
cross-reactive material for 3-palactosidase in fibroblasts from
these patients.* Apparently, other infantile Gw,-gangliosidosis
patients, not yet analyzed at the molecular level, do synthesize
B-galactosidase precursor (36). The adult and the third infan-
tile pationt studied here were previously reported to synthe-
size a §-galactosidase precursor that did not get phosphory-
lated {37). This might still hold true for these two patients,
but the assumption made by Hoogeveen et af {37) that all
Gu-ganpliesidesis variants are phosphorylation rourants Is
not sibstantiated by the results presented here. Patients I
and I, for instance, may represent splicing and/or prometer
mutants. Gbviously, different or even the same clinical phe-
notypes are caused by distinct genetic lesions, and further
studies are needed to define the clinicad and biochemical
heterogeneity observed in Gan-gangliosidosis patients,

The nucleotide sequences of the two ¢DINAs comprise open
reading frames that bepin at a commen ATG translation
initiation codon and terminate at the same stop codon. How-
ever, H8Ga(L} is 393 bp longer than HBGa(S). Its nucleotide
sequence is colinear with the human placental g-palactosidase
cDNA recently isolated by Oshima e ol (18). The only
sequence differences we find are at nucleotide positions 73 (T
nstead of C), 650 (G inatead of C), and 651-653 (CGC instead
of GCG). resulting in the following amino acid changes: Leu-
10 instead of Pro-10 and Arg-201 instead of Ala-201. These
discrepancies may represent wue allelic varlations nndfor
mustakes introduced by ¢DNA cloning procedures. The se-
quence of the short ¢DNA is virtually identical to the former,
but it misses two noncontiguous protein-enceding sequences,
regions 1 and 2, present in the long clene. Furthermore, the
exclusion of region 1 in this ¢cDNA introduces a frameshift in
ita 3*-fanking sequence which ia subsequently restored by the
exclusion of region 2, These unusual findings Imply the exist-
ence of two distinet mRINA templates which, most remarka-

TasLe I
Correction of 3-galactosidase activity in Gun-ganglivsidosis fibrobiasts after uptake of COS-1 cell-derived
B-palectosidase precurser
Transtection in CO3-1 Addition of COS-1 Activity [ Gra-gongliosidosds fibroblasts
cells cell-derived proteins 3-Caluctonidnse 3-Clucuronidase
microunle/mg protein milliunit/mg protein

pCDHYGa (L) sense + et 2.48
pCDHIGa (S) sense - 6.5 212
pCDHIGa (8) sense - 7.6 2.01
Mock + 123 358
- 75 1.88
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F1¢. 8. Immuneccytochemical Jocalization of g-galactosidase
proteins in transiently transfeeted COS-1 cells. A, transfection
with pCDHEGa(L) ¢DNA ¢onstruct; B, transfection with pCDH-
AGuS) eDNA construct.

bly, are read in different frames only in the 95-nucleotide
stretch between regions 1 and 2. To our knowledge this is the
first example of suck a confizuration in a ammalian gene.

By sequencing genomic g-ralactosidase clones, we could
demonstrate that nucleotides 236-784 of the 2.5-kb mRNA.
spanning repions 1 and 2 as well as thelr intermediate se-
quence, are encoded by four separate exons. As shown by the
sequence of the exon/intron borders, al]l four exons obey the
GT/AG rule (38). These results strongly indicate that the
short mRNA is generaved by o differential splicing process
that involves three exons. An increasing number of genes are
known to create protein diversity through the use of differ-
ential splicing {(reviewed in Ref. 39). Among lysosomal pro-
teins this phenomenon has been observed for human A-glu-
curomdase mRNA (40). The genomic data alse rule sut the
posgibility that the short ¢DNA is the product of a cloning
artifact. The amount of the short mRNA, however, must be
less than Y0 of the long one, if we consider the signal ebtained
on Northern blots. Therefore, the existence of the two §-
galactosidase transcripts was further proven by PCR ampli-
fication of partial ¢DNA fragments specifving the two
mRNAs. The short transcript does not seem 1o be testis-
specific, since it is also detected in fibroblast totel and poly-
somal mRNA, indicating that this transcript is actively trans-
laved in fibroblasts. It is not excluded, however. that the two
mRNAs may be expressed in differential amounts in other
tissues.

The open reading frames of the long and short S-galacto-

Alternative Splicing of 8-Galactosidase mRNA

gidage ¢DNAs code for 677 and 546 amino acids, respectively,
with the fitst 23 residues in common representing & typical
signal peptide (34). Both proteins carry seven potential N-
linked glycosvlation sites at identical positions. Cne of them
is located imreediately after the signal sequence and precedes
the N-termrinal sequence ¢f mature 64-kDa placental f-galac-
tosidase. From its location we can infer that the substantial
proteclyiic processing of the 35-kDa §-galactosidase precursor
observed in human fibreblasts (8) as well as In mouse kidney
cells and macrophages {41, 42} must occur nearly exclusively
at the C terminus.

The two ¢DNAs direct the synthesis in COS-1 ecells of
Jmmunoprecipitable polvpeptides. which zre also recovered
extracelluiarly. The molecular mass of the long protein, 85
kDa, is in agreement with the apparent size of S-galactesidase
glycosylated precursor immunoprecipitated from human fi-
breblasts (8). The 68-kDa protein derived from the short
<DNA is o form that was not detected previously. Whether or
1ot this protein has a defined biclogical function is not known.
Although hoth polvpeptides are recognized by the antibodies,
the S-galacrosidase-related protein is not catalytically active
under the assay conditions used. The same holds true for the
short f-glucuronidase protein (40}, Furthermore, even though
both ¢DNA -encoded proveins, 85 und 68 kDa, are as efficiently
endocytased by Gw:-gangliosidosis fibroblasts, only the 85-
kDa precurser is further processed int-acellularly and corrects
g-galactosidase activity,

The subceliuler localization of COS-1-derived g-galactosid-
ase and §-gulactosidase-related proteins is different. The long
$-galacrosidase has a clear lysosomal distribution, wherens
the short molecule is found only in the perinuclear region.
The latter is likely to reach the Golgl apparatus, since it is
secreted into the extracellulsr space even without the addition
of NH,CL The differentia! subceliular distribution of the two
proteins might explain their distinct catalytic behavior. Fur-
ther studies are needed to define the function &nd substrate
specificity of the f-galactosidase-related protein. It will be of
interest to analyze the domains that are either missing or
different in the two polypeptides.

This work tegether with our studies on the other compo-
nents of the gomplex, the protective protein and neuramini-
dase, will enable us to gain mere insight in the fine mecha-
nigms of mutual cocperation between these lysosomal glyeo-
proteins.
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Organization of the Gene Encoding Human
Lysosomal 3-Galactosidase
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ABSTRACT

Human f-galactosidase precursor mRNA is altermatively spliced into ar zbundant 2.5-kb tramseript and a
minor 2.0-kb species. These templates direct the synthesis of the classic lysosomal S-D-gatactosidase enzyme
and of a f-galactosidase-refiated protein with no enzymatic activity. Mutztions in the -galactosidase gene re-
sult in the lysosomal storage disorders Gyg-gangliosidosis and Morguio B syndrome. To analyze the genetic
tesions underlying these syndromes we bave isolated the human S-galactosidase gene and determined its or-
ganization. The gene spans >62.5 kb ard contains 16 exons. Prometer activity is located on a 236-bp Psf 1
fragment which works in 2 direction-independent manner. A second Psr I fragment of 851 bp located up-
stream from the firsi pegatively regulates initiation of trapscription. The promoter bas characteristics of 2
komsekeeping gene with GC-rich stretches and five potential SP1 trapscription clernents on two strands. We
identified multiple cap sites of the mRNA, the major of which maps 53 bp upstream from the transiation ini-
tintion codon.

The portion of the human pre-mRNA undergoing alternative splicing is ercoded by exons II-VII. Se-
quence analysis of equivalent mouse exons showed an identical genomic organization. However, transiation
of the corresponding differentially spliced murine tramscript is interrupted in its reading frame. Thus, the
mouse gene canno! cacode a f-palactosidase-related protein in 2 manner similar to the human counterpart.

Differential expression of the muorine S-galactosidase transeript is observed in different mouse tissues.

INTRODUCTION

CID B-D-GALACTOSIDASE (EC 3.2.1.23) catalyzes the hy-

drolysis of -linked terminal galactosyl residues from
a variety of natural and synthetic substrates (Conzelmann
and Sandhoff, 1987; O'Brien, 1989). The buman S-galac-
tosidase gene on chromosome 3 (Shows ¢f of., 1979) ¢n-
codes a glycosylated precursor protein of 85 kD that is
proteolytically processed in lysosomes inte a mature form
of 64 kXD (d"Azzo er af., 1982). The majority of the active
enzyme is found in a complex with lysosomal neursmini-
dase (sialidase, EC 3.2.1.18) and the protective protein/
cathepsin A (EC 3.4.16.1) (Verheijen e al., 1982; Yama-
moto et al., 1982; Galjart ef al.;, 1988, 1951; van der Horst
et al,, 1989}, The latter is essentizl for the intralysosomal
activation and stabilization of the other two glycosidases
(d"Azzo et al., 1982: Hoogeveen er of., 1983; Yamamoto
and Nishimura, 1987). Mutations in the S-galactosidase
locus result in the metabolic storage diseases Gy -ganglios-
idosis and Morquic B syndrome (Okada and OBrien,

1968; O'Brien ez of., 1976: Groebe er al., 1980; O’Brien.
1989). Among patients with Gy -gangliosidosis, a wide
spectrum of ¢linical manifestations have been described,
ranging from severe infantile forms to milder juvenile and
adul variants (OBrien, 1989).

Three groups have independently isolated and sequenced
the ¢DNA encoding human lysosomal S-galactosidase
{Cshima er af., 1988; Morreau ef gf.. 1989: Yamamoto ef
al., 1990). Recently, the ¢cDNA encoding the murine en-
zyme has also been characterized (Nanba and Suzuki,
19803, Using the human ¢DNA as probe, a2 major tran-
seript of 2.5 kb is detected in total RNA preparations from
normal fibroblasts. This mRNA is cither not detectable or
present in reduced amount in fibroblasts from clinically
different Gyq-ganghiosidosis patients (Morreau er af.,
1989). We and O'Brien's group demonstrated the existence
in different human tissues of 2 minor 2.0-kb transeript de-
rived from alternative splicing of S~galactosidase precursor
mRNA (Morreau ef af., 1989; Yamamoto er al., 1990).

To study the structure and function of S-galactosidase
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and to wnderstand fully the melecular nature of the muta-
tions underlymg different clinical phenotypes, the com-
plete human S-galaciosidase gene has been isolated, and its
exon/intron organization has been characterized. Further-
more, we have investigated 5" regulatory sequences that
contain promoter elements and identified the cap site of
the mRNA. To elucidate the significance of the alterna-
tively spliced human transeript, a partial genomic fragment
spanning 5' exons of the mouse S-galactosidase gene has
been isolated and its exon/intron organization compared
to the one of the human gene, Using the murine S-galac-
tosidase cDNA as probe, we have analyzed the expression
of the p-galactosidase transcript in different mouse tissues.

EXPERIMENTAL PROCEDURES
Materials

Restriction endonucleases were from Boehringer Mann-
heim, Bethesda Research Laboratories (BRL), New Eng-
land Biolabs, Pharmacia LKB Biotechnology Inc., and
Promega Bioteg, DNA polymerase (Klenow) was from
Promega Biotec. T4 polynucleotide kinase, M13 reverse se-
quencing primers, deoxy and dideoxy nucleotides, pTZ18
and pTZ19 plasmid vectors were purchased from BRL. A
T7 polymerase sequencing kit was purchased from Phar-
macia LKB Biotechnology Inc. Tag polymerase was from
Cetus Corp. Synthetic oligonucleotides primers were syn-
thesized on an Applied Bicsystems 3814 oligonuclectide
synthesizer. Radionucleotides were obtained from Axner-
sham Corp: [-?P]dATP and [«PldCTP. 3,000 Ci/
mmole; [y-?P)ATP, 6,000 Ci/mmole; [a-*8)dATP
>1,000 Ci‘mmole. All other reagents were from standard
comumercial suppliers, if not specified otherwise.

Isolation of human and mouse genomic
B-galactosidase clones and DNA sequencing

Both mouse and human genomic libraries (complexity 3
% 10* and 2 x 0% respectively) were kindly provided by
Dr. G. Grosveld (Erasmus University, Rotterdam). They
were constnucted by cloning human or mouse genomic
DNA fragments, partially digested with Mbo II into the
Bam HI restriction site of the » EMBL-3 vector. Human
and mouse total DNAs were prepared from Jeukocytes of a
chronic myeloid lenkemia patient and from mouse embry-
onic stem cells, respectively. The human library (2 x 10¢
plaques) was screened with two Ece RE ¢DNA fragments
{Morreau et al., 1989), spanning the entire human 3-galac-
tosidase cDNA, using standard protocols (Sambrook et
al., 1989). Probes were labeled according to the procedure
of Feinburg and Vogelstein {1983). The mouse library (2 X
10* piaques) was screened only with the most §' Fco RI
fragment derived from the human S-galaciosidase cDNA.
Hybridization and washing of the mouse library were per-
formed under nenstringent conditions (58°C). Several pos-
itive phages from both libraries were isolated, digested
with different restriction enzymes, and mapped to each
other. Complete or partial inserts of overlapping clones
were subcloned in pTZ18 or 19 plasmid vectors asing suit-
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able restriction sites. Nucleotide sequencing of genomic
fragments was performed by the ¢hain-termination method
on double-stranded DNA (Murphy and Kavanagh, 1988)
using MI3 universal or reverse primers and synthetic oligo-
nucleotide primers derived from the HAGa(L) cDNA se-
quence. The positions of splice sites were obtained by com-
paring genomic sequences to the known cDNA sequence of
HBGa(L). Seguence data were analyzed using the program
of Staden {1986).

The polymerase chain reaction

To determine the length of the different introns, ge-
nomic fragments subcloned in pTZ-vectors were subjected
to the polymerase chain reaction (PCR). The prizmers used
in amplification Teactions were derived from adjacent
exons present in one genomic subfragment. Alternatively,
plasmid-derived universal or reverse M13 primer was used
in combination with a primer derived from exonic se-
quences. Intronic fragments were amplified with Teg poly-
merase as described (Hermans ot afl., 1988), using a pro-
grammable DNA incubator (Cetus, Emeryville, CA), Am-
plified material was separated on 0.75% agarose gels in the
presence of standard DNA markers. Intron lengths were
either directly determined by comparison with marker
fragments or calculated combining genomic mapping data
and PCR results.

Promoter analysis

Pst I restriction fragments from the 5' end of the human
B-galactosidase gene were subcloned in the Pst I cloning
site of the pCATEnh reporter plasmid (Promega) in sense
and antisense orientations. Independent constructs were
transiently expressed in HeLa cells. Cells were grown in
Dulbecco’s modified Eagles medium-Ham’s F10 medium
(1:1 vol/vol) (GIBCO BRL. Grand Island, NY), supple-
mented with antibjotics and 8% fetal bovine serum, These
cells were transfected with different pCAT-constructs to-
gether with a plasmid containing the LacZ gene driven by
the RSV promoter. The latter was used as a control of
transfection efficiency, Conditions of transfection were as
described previously {Graham and Van der Eb, 1973).
Sixty hours after transfection HeLa cells were harvested in
250 mAM Tris pH 7.8, freeze/thawed three times, and cen-
trifuged to eliminate cell debris. Supernatants were assayed
for CAT activity as described by Gorman et af, (1982), and
analyzed on thin-layer chromatography (TLC) for the sep-
aratron of the [“*Cjchloramphenicol substrate from its
produe:s.

Primer extension

Two polysomal mRNA preparations, immunoselected
using antibodies raised agamst purified placental 8-galac-
tosidase, were obtained following the procedure of Myero-
witz and Preia (1984). One pmel of a 27-mer synthetic
oligonucleotide primer was end-labeled with [y-*PJATP
and T4 polynucieotide kinase.

“The radiolabeled 27-mer (10° cpm) was anneaied to 0.2
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ug of polysomal mRNA for 12 hr at 30°C. Primer exten-
sion was performed using the conditions described by Sam-
brook ef al. (1989). Products were analyzed on a 6% acryl-
amide/7 M urea sequencing gel.

Northern blot analysis

Total RNA was extracted from tissues of adult BCBA
mice and fetuses (ar days 13. 16, or 19 of gestation) using
the method of Auffray and Rougeon (1980). RNA samples
were electrophoresed on a 0.8% agarose gel contmining
0.66 M formaldchyde (Fourney er f,, 1988), and blotted
onto Zeta-Probe membranes (Bio-Rad). Standard hybrid-
ization and washing conditions were applied.

RESULTS

Isolation of B-galactosidase genomic clones and
genomic organization

We have previously described the isolation and charac-
terization of recombinant A phages spanning the most 5
region of the S-galactosidase gene (Morreau er af., 1989).
These recombinants were derived from a human EMBL-3
genomic Library, screened with a §' 8-galactosidase cDNA
fragment of 852 bp (HAGz(L). nucleotides 1-852). We
have rescreened the same library with a 1.5-kb Ere RI
fragment encompassing the entire ¥ region of HAGa(L)
¢DNA (nucleptides §53-2,399). Several positive phages
were isolated that were subjected to restriction endonucle-
ase mapping and Southern blot analysis using radiolabeled
cDNA fragments covering the entire cDNA, As shown in
Fig. 1, exonic sequences were mapped on seven indepen-
dent \ phage inserts, all of them overlapping except for A
9.6/% 7.1 and X 7.3/% 3, that extend into two large inter-
vening sequences. These phages together cover a genomic
area > 70 kb. The Eco RI restriction pattern of cloned ge-
nomic DNA containing exon sequences is equivalent to the

a7

one obtained after Southern blet analysis of Eco RI-
digested human genomic DNA probed with the complete
HEGa(L) cDNA (data not shown). .

The @-galactosidase coding region is divided into 16
exons (Fig. 1), distributed over >62.5 kb of genomic
DNA, All exons were sequenced on both strands from se-
lected phage fragments, The only discrepancies between
genomic and ¢cDNA sequences were a single nucleoride
change in exen I [C instead of a T at position 79 of
HpBGafL)) and an additional G following a stretch of
three in exon XVI {at position 2,277 of H5Ga(L)) encod-
ing the 3’ untranslated region (UTR). The sequences of the
exon/intron boundaries are compiled in Table 1. All splice
junctions conform to the GT/AG rule formulated by
Breathnach and Chambon (1981). The sizes of 8-galactosi-
dase exons range from 41 to > 615 bp, The 15 introns vary
in length from 84 bp to 15 kb. The sizes of introns 1 and 10
could not be calculated since no overlapping clones includ-
ing these genamic areas were available. This could be due
to the fact thar these genomic areas are not represented in
the library, We estimated the length of these introns 1o be
larger than 10 kb.

Characterization of the human (-galactosidase
promoter region and identification of the cap site

A 108-bp Eco Rl-Apa I ¢cDNA probe (nucleotides 1~
108), derived from the most 5 end of H3Ga(L), hybrid-
ized to a 2.9-kb Eco RI genomic fragment present in A 9.6.
This fragment was subcloned into pTZ-plasmid vectors
and sequenced. Within the 2.9-kb genomic stretch, which
contains the 5 UTR and the ATG start codon of 3-galac-
tosidase cDNA, two adjacent Pst 1 fragments are included.
The first is 236 bp long (Fig- 2A, fragment 1) and contains
nucleotides 1-30 of the cDNA 3" UTR: the second is 851
bp long and flanks the first upstream (Fig. 2A, fragment
2), To assess whether this genomic region contained pro-
moter activity, the 851- and 236-bp Pst | fragments as well

VIEII Py
1 I II{IVVVI VI I 159 X X X1 v oty xvl
L, 1 T R S N E
1 1471 ) 1 il | Lo 1 I T 11l 1 1
E E E E EE E E E E EEE EE E E
2\0.6
A7
A7.3
23

T

Skb

bS5

pYAE

w27

FIG. 1. Eco rmrictiqn map of the human §-galactosidase gene. Eco RI restriction sites are shown with a capital E. Ar-
tows indicate the relative position and overlap of seven independent genomic A phages. Interrupted lines represent in-
tronic sequences of unknowa size, Exons are denoted as black vertical bars with roman numbers, The bar underneath in-

dicates the size in kilobases.,
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FIG. 2. A. Schematic representation of the S-galactosidase promoter region and of the different construets used m the

CAT assay. Direction of transcription is indicated. Exon I is shown as a hatched box including the ATG translation initi-
ation codon of S-galactosidase ¢DNA. P is Pt 1. Numbers 1, 2, and 3 designate the 236-bp, the 851-bp, and the 1.1-kb
Pst 1 fragments, respectively. These fragments were cloned into the Pst I site of the reporter plasmid pCATEnh in front

of the bacterial CAT gene. The position of the SV40 enhancer is also indicated.

B. Identification of the hurnan §-galac-

tosidase promoter. Lysates from HelLa cells transfected with the various pCATEah-construcrs mentioned above were
used in CAT assays. “Sense” and “anti” indicate the orientation of the fragments in the reported plasmid. CM represents
the naprocessed substrate and AcCM marks the position of the acetylated products after substrate conversion, RSV is the
promoter of the Rous sarcoma vims, used as a control in the assay.

as their combined 1.1-kb partial fragment (Fig. 2A, frag-
ment 3} were subcloned separately in sense and antisense
orientations 5° of the chloramphenicolacetyl transferase
(CAT) gene into the pCATEnh reporter plasmid (Fig. 2A).
This plasmid contains a SVA0Q enhancer but lacks a pro-
moter element. The different constructs were transfected
into Hela cells together with a plasmid expressing £. cofi
B-galactosidase used as a reference for transfection effi-
ciency. Cell lysates were then tested for promoter activity
using 2 CAT assay. The results are shown. in Fig. 2B. The
236-bp fragment (DCAT] sense and antisense) has clear
promoter activity in both orientations, although the anti-
sense comstruct stimulates transcziption 10 & lesser extent
than the sense constuct. By contrast, the upstream 851-bp
fragment (pCAT2 sense znd antisense) fails to stimulate
CAT transeription. Furthermeore, it might contain negative
regulatory sequences, because endogenous background ac-
tivity of the promoterless plasmid is totally shut off when
the fragment is used in the sense orientation. This observa-
tion is further substantiated by the low degree of transcrip-
tion stimulation detected after transfection of the con-
struct that carries the entire 1.1-kb Pst I partial fragment
including the putative promoter elemnent (pCAT32 sense and
antisense). These results demonstrate that the §-
galactosidase promoter is confined within a 236-bp Psr [
fragment and suggest the presence of a putative silencer in
the immediately flanking 5' sequences.

The sequence of the entire 1.1-kb genomic fragment is
given in Fig. 3. The 206-bp stretch (nucleotides —256 to
—51) upstream from the known sequence of HSGa(L)
<DNA (indicated with an arrowhead in Fig. 3) hasa G +
C content of 71% and a ratio of observed/expected CpG
dinucleotide of 0.76 (Gardiner-Garden and Frommer,

RUY)

CTGCAGTAAGSCGTGATTGCACLCCACTCCAGECT GOUTGACAGAGT GAS

068 ACCCTGYCTCAAARAACACAAARACARAACAAAAAAACAALGCCCCAAAC
oy CARAAAAGAAAAACCTAAGAARAGECAGT AACTGATACTTTCTCAATETE
o2 TCAATGAARTGTEET TTCTOATACTTTCTCAATCTCTCAAGCACATGICS
o2 GGTAGOARAGGAGAAAGGAGT GAACAAATAGRATTTTOGCTACTTTGTTA
a2 TACAATGTAAAAADGETTTTTGGAACACCAAGOCATAARCT AAGETTATT
o1z TAAAAARAGAARATTTTTTTTTGATAGGRAAT TTEGET CYTATTOCCCAG
-2 GCTGOAGEGCAAT OGCT COATGTGAGT TALT GCAACET COALCTECEORG
R TUCAABGGATICTCETGTETTEAGT CAGCETCOTEABTAGCTGGGATTAL
o AGECGEETGECALCALOCECCOLTAATTTTTATATTTITAGTAGAOACES
o1z GGTTTCATCATACTGGT CAGGET GGTCTGOALCT COT GACET CAGGCEAT
sz EEECEHecoT COGCTT CECARAGT BT GOGATTAGAGGEST GAGCAGGAT
8z TTTCATTCI AAGAAGT T CCAGOT GAGT TGATACAGY GOLT CCAGGAACCE
a2 AGCACATTTTGETAACCCOCGACTTAGAGTTATTCAAAGAGAGCECATAT
it AT GAGACGCGGAT T COATCTAGGGCATTTAGET T TAATGATTAACAATTT
-2t COCTCTTETGOTETCT CAAGOCAGCCAGGOAL CAGBGAGACEAT GAT T CA
-z TOTREARTRCCCOABGCOCET TAT CAAGCTGGT GAAAUCAGOCELTLLAG
=) AGTOCAGTTCCARMAGGOT CECTTCUCAGHUARGACGLCTACARAACCCAG
-nz ATAGTAGTATCCT GGAGT CALGLCACERCOCOCAGLCTCETA
-tz TACEEEECTG0CT (R6LCACAGCITEETATACCELEEGECT GAOCADGES
Snz ccmc.ncmccmcmoncccacmqm'rcccmccccwaarccv
- a2 7AGT CAAGTGACCCOAABCOOCTAGOCT GOGCOCCOALT BEABAGELOES
sz AGOCT GGTOGT CATGECGGGAT TCCTAGTTEGCATCCTCECTCTORTAGT
wor F oL v R ToLoL

FIG. 3. The 5 mucleotide sequence of the human g-galac-
tosidase gene. The sequence includes 1,062 nucleotides of
5-flanking DNA, 50 nucleotides of 5/ UTR present in the
cDNA, (indicated as a big open arrowhead), and 38 nucleo-
tdes of coding sequence. The first 13 amino-termanal
amino acids of the S-galacrosidase protein are shown. Psr 1
ang Smg ] restriction sites are underlined. SP1 binding
sites are boxed. The only potentizl AP-2 motif s ncladed
in a larger box and overlaps with two SP1 sites. The big
closed arrowhead indicates the major transcription start
sites; the two minor sites are indicated with small close
arrowheads.
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1987). The G + C frequency falls back to 40-50% in the
immediately upstream 851-bp Pst I fragment (nucleotides
—1,107 10 —257). Several putative transcription regulatory
elements are found in the 1.1-kb genomic region, the most
frequent being the promoter specific SP1 binding motif
GGGCGG (Dynan, 1986; Mitchell and Tjian, 1989). Five
such sites are present in both sense and antisense orienta-
tion, four of which are clustered within the small 236-bp
fragment. A potential binding site for the transcription
factor AP-2 (JCFCCANGES) is Jocated at nucleotides
—166 to —157 and overlaps with two SP1 binding sites
(Ymagawa et al., 1987). One CCAAT box (Breathnach and
Chamben, 1981) is found at positions —309 to —305.

A primer extension experiment was performed to deter-
mine the cap site of human S-galactosidase mRNA. (Fig.
4). Immunoselected polysomal mRNA was reverse-tran-
scribed using an end-labeled antisense 27-mer oligonucleo-
tide primer complementary to nucleotides —34 to —7 of
exon I (Fig. 3). A aucleotide sequence of the correspond-
ing genomic region was performed using the same primer
and included zs a reference. Multiple cap sites were identi-
fied, the major of which maps 53 nucleotides upstream
from the translation initiation codor. Two minor extens
sion products are 55 bp and 56 bp upstream from this
ATG (Fig. 3). These results demonstrate that the mRNA
encoding human §-galactosidase is only 3-6 bp longer than
the longest cDNA isolated (Morreau ef ai., 1989).

Expression of mouse S-galactosidase mRNA and
mouse genomic organization

A full-length ¢DNA encoding mouse -galactosidase was
recently isolated and characterized (Namba and Suzuki,
19%0). The nucleotide and amino acid sequences are highly
conserved between human and mouse species. We have in-
dependently isolated a 2.0-kb partial cDNA missing the 5-
most 400 bp. To determine the level of expression of
mouse S-galactosidase transcript, we analyzed total RNA
from different mouse tissues on a Northern blot. Samples
were applied in equal amounts and the blot was probed
with the 2.0-kb ¢cDNA fragment. As shown in Fig. §, 2 2.5-
kb B-galactosidase mRNA is seen in all tissues tested, but
its amount varies in a tissue-specific manner, It is very high
in kidoey, rather high in brain and spleen, and compara-
tively lower in other tissues. The overall tissue distribution
of mouse g-galactosidase mRNA would conform with the
“housekeeping™ features of the human gene (Dynan, 1986).
Suill, transeripticn regulation might be necessary to modu-
late the level of mRNA depending upon its need in particu-
lar cell types.

‘We have shown earlier than in human tissues a minor
2.0-kb B-galactosidase transcript is present together with
the abundant 2.5-kb species. These different transeripts
derive from alternatively spliced pre-mRNA and encode
the classic lysosomal S-galactosidase and a minor f-galac-
tosidase-related protein (Morreau e¢ al., 1989). In none of
the mouse total RNA sampies analyzed was the small 2.0~
kb species detected. To verify whether mouse precursor
mRNA can underge a similar splicing event and give rise to
two translation products, we isolated mouse genomic

MORREAU ET AL.

]GATC12|

FIG. 4. Primer extension of the 5" end of human 3-galac-
tosidase mRNA. A 27-mer spanning vucleotides —34 to
—7 of exon [ was used as a primer. B. Extended prod-
ucts obtained using two different polysomal mRNA prepa-
rations. The thick arrow indicates the major transcription
initiation site (position —53 in Fig. 3} the small arrows
(position —55/—56 in Fig. 3) indicate two minor extension
products.  A. Nucleotide sequence of the corresponding
genomic area obtained using the same oligonucleotide pri-
mer.

phages spanning the area of interest. The exons of the
mouse fG-galactosidase gene equivalent to human exons
IEL/TV/V/VI and part of exon I1 were sequenced and their
exon/intron boundaries determined. Figure § shows that
the partial genomic organization of the mouse gene is iden-
tical to the one of its human counterpart. All exon/intron
splice junctions conform to the GT/AG mule, We have pre-
viously demonstrated that alternative splicing of human
pre-mRNA involves exons III, IV, and VI. As a conse-
quence ¢f this differential splicing, sequences comprised
within exon V are translated in twe different reading
frames, one giving rise to lysosomal S-galactosidase and
the other to the S-galactosidase-related protein. In Fig. 7,
the mouse counterpart of human exon V is depicted to-
gether with its splice sites, Translation of this exon is orly
possible in the reading frame (Fig. 7. reading frame 3) that
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FIG. 5. Expression of S-galactosidase mRNA, in different
embryos at indicated days of gestation were fractionated on

”

- 13'd embryo

= Ovarium

8 7970 U1 iy et s

mouse tissues, RNA samples of different mouse tissues and
gel, blotted onto Zeta-Probe membranes, and probed with a

2.0-kb partial mouse §-galactosidase cDNA. Ribosomal RNA markers are shown. Exposure time was 1 week.
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TYLYLAECLECACAG/CTACCTECCC

CTATCCAGAT/gE3304
LELEneTETCanaq/CeOCEOTTAC

CTGOCACATE /QTqage
TETCACCCAC Jtgagt

ALCE LG TTITACaq ATTACCTTCT

c;_fﬂ AACCOTCCAG/ gtacet. . < TEAtaaacadaCtag /GTTCACARTS
I TTTCOAACAG/GECYAT. varnannns
FIG. 6. Genomic organization of the § region of the

mouse g-galactosidase gene, Boxes represent separate
exons; mumbers specify their length in base pairs. The §
end sequence of the left-most exon was not determined as
indicated by vertical zigzag lines. “The sequences of exon/
intron boundaries are marked with sequential letters {(A-I).

codes for the classic lysosomal S-galactosidase, This im-
plies that a mouse S-galactosidase-related protein, if pres-
ent at all, cannot derive from a minor transeript that is al-
ternatively spliced from pre-mRNA in a simijar fashion as
the human transcript.

DISCUSSION

We have previously characterized a pastial 5 region of
the human lysosomal g-galactosidase gene undergoing al-

ternative splicing and giving rise 1o two distinct transcripts.
Except for two large iatrons, we now report the isolation
and analysis of the entire gene encoding S-galactosidase. It
consists 0f 16 exons that vary in size from 41 bp to =615
bp and are dispersed over a genomic region of more than
62,5 kb. Intron lengths range from 84 bp to =15 kb. All
exon/intron splice junctions follow the CT/AG rule de-
fined by Breathnach and Chamben (1981). It bas been pro-
posed that interveming sequences demarcate importamt
functional or structural domaing of proteins that are en-
coded by different exons (Gilbert, 1985). As it is the case
for several secretory and membrane proteins (Gilbert,
1985), the signal sequence of pre-pro-g-galactosidase is
confined to exon I. Exon II encodes the first putative gly-
cosylation site present in the precursor polypeptide and the
amino-terminal sequence of the mature 64-kD enzyme
(Morreau er al., 1989). _

The site of carboxy-terminal proteolytic processing of
the B-galactosidase precursor was suggested to be around
amino acid 530 (Yamamoto et al., 1990) whose coding se-
quence falls in the middle of exon XV. This postulation
was made on the basis of the hydrophilic profile of the
protein in this region, Although the amino acid sequence
between residues 500-550 is the least homologous between
human and mouse S-galactosidases (Nanba and Suzuki,
1990), we have verified that the highly hydrophilic charac-
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tgeag /ATTACCT TGTAGCTOTGRATARATRGCTCGCACTLO TTCTGCCCAACATGAAGECCC TEC TCTACCAGAACCGAGGACCOATCATAACCOTGCAG /g tacet

Exon (85bp)

FIG.7. Complete sequence of the intermediate 93-bp mouse exon. Exonic sequences are shown as uppercase letters, in-
tronic as lowercase letters. Predicted amino acid sequences transizted from reading frames 1, 2, or 3 are indicated, Aster-

isks refer to stop codons.

teristic of this part of the protein has been conserved (H.
Morreau, unpublished chservation),

Functional analysis of subfragments of a 1.]1-kb genomi¢
region, spanning part of exon [ and the 5-flanking se-
quences, allowed us to identify promoter activity for the 5-
galactosidase pene to a 236-bp LPsr I fragment. The latter is
rich in GC residues (71%) and bears characteristics of a
CpG island (Bird, 1986; Gardiner-Garden and Frommer,
[987). It lacks a conventional TATA box and contains
four of the five consensus sequences for the promoter spe-
cific transcription factor $P1 (Dynan, 1986; Mitchell and
Tiian, 1989}, identified in the entire 1.1-kb fragment, Ad-
ditional analysis by primer extension showed that tran-
scription initiation sites are clustered in a S-oucleotide
stretch and are located within the 236-bp Psr I fragment.
Promoters of other genes enceding lysosomal cozymes
have been characterized. Some appeared to be typical
“housekeeping” promoters, like S-galactosidase (Neote er
atl., 1988; Geier or ai., 1989: Hoefsloot et af,, 1990; Mar-
tiniuk et af., 1990}, while others have GC-rich promoters
containing a2 TATA box (Proia and Soravia, 1987; Bishop
et af., 1988: YAmore et af., 1988). The only exception is
the gene encoding glucocerebrosidase whose promoter
lacks GC-rich stretches and comprises conventional CAAT
and TATA boxes (Reiner ef gf., 1988; Reiner and Horo-
witz, 1988). The 236-bp frapment of $-galactosidase directs
transcriptional initiation in an orientation-independent
manner, a5 observed for other GC-rich promoter elements
carrying SP1 binding sites (Hata er of., 1989; Baarends et
al., 1990). A putative recognition site for transcription fac-
tor AP-2 (Imagawa er ai., 1987) is also found at positions
=166 10 ~156 and overlaps with two SP1 sequences.
Whether this is of functional importance remains to be de-
termined,

Surprisingly, if the 235-bp promoter clement is placed
downstream from its authentic 851-bp upstream  se-
quences, promoter activity is drastically dimimished. Fur-
thermore, antisense transcription is completely abolished
by the presence of the 851-bp fragment which makes tran-
seription orientation unidirectional. This fragment by jrself
also abolishes the endogenous background transcription
activity of the pCATEnh ceporter plasmid. It is conceiv-
able that cis-acting “silencer” sequences are contained
within the 851-bp region, as has been reported for other
mammalian genes including rat e-fetoprotein, msulin I,

and growth hormone genes (Laimins ef af., 1986; Muglia
and Rothman-Denes, 1986; Wight er af., 1987} and human
interferon-§ (IFN-8), apolipoprotein CIIf, and calpain
genes (Goodbourn er al.. 1966; Reue ef /., 1988; Hata et
al., 1989). However, we could not identify within the 851-
bp fragment any conserved sequences similar to those pres-
ent in negative regulatory elements of human IFN-§ and
apolipoprotein CIII gene promoters. Sequential deletions
of this genomic region coupled to footprinting and band-
shift assays will enable us to determine whether specific
transcription factors bind to consensus sequences in this
area.

Cis-acting regulatory clements might modulate tran-
seription of the B-galactosidase gene in a tissue-specific
manner. The level of expression of 3-galactosidase mRNA
varies in different mouse tissues in spite of its ubiquitous
distribution, However, we do not know if these differences
reflect variation in transcription of the gene. A differential
pattern of expression has also been observed for mouse
protective protein/cathepsin A mRNA, (Galjart er af.,
1990). Although the two enzymes mutually cooperate at
the protein level, the amount of their corresponding tran-
scripts in different tissues need not necessarily overlap. For
example, placental @-galactosidase mRNA is rather low
compared to a highly expressed protective protein mRINA.
This might reflect either specific regulation of transeription
or conversely different rate of degradation of the afore-
mentioned, transcripts.

We have determined the partial genomic organization of
the mouse 3-galactosidase gene to define whether 5 exons
corresponding 1o the ones alternatively spliced in the hu-
man gene ¢an undergo a similar event. We have shown
that exon/intron splice juncrions are completely conserved
between mouse and human S-galactosidase genes. Never-
theless, if alternative splicing of mouse exons correspond-
ing t¢ human exons iII, IV, and VI takes place this leads
to interrupted tramslation of the resulting transcript.
Therefore, a mouse counterpart of the human g-galactosi-
dase-related protein, if present. cannot atise through a
similar splicing process. it is still possible that alternative
splicing of human S-galactosidase pre-mRNA is a means to
suppress translation of an active lysosomal enzyme or to
change the subcellular fate of a translated product. Such
mechanisms of down regulation has been posmtlated for
differentially spliced tzanscripts encoding specific proteins
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in Drosophile (Bingham et 2/, 1988) and the H, subunit of
human asialoglycoprotein receptor (Lederkremer and
Lodish, 1991).
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Summary

The lysosomak storage disorders Gyy-pangliosidosis and Morgquio B syndrome are caused by a complete
or partial deficiency of acid B-palactosidase. We characterized the mutation sepregating in a family with
two sibs having the severe infantile form of Gy,-gangiiosidosis. In total mRNA preparations derived
from the patient’s fibroblasts two aberrant B-galactosidase transcripts (1 and 2) have been identified.
Both transcripts contain a2 20 bp insertion derived from the 5° end of intron I of the $-galactosidase
gene due to aberrant splicing of pre-mRNA molecules. Furthermore in transcript 2 sequences encoded
by exon II are deleted during the splicing process. Comparison of the 20 nucleotide insertion with
wildtype intronic sequences showed that in gemomic DNA of the patients an extra T is inserted
immediately downstream the comserved GT splice donor dinnclestide. Both patients are homozypotes
for the T nucleotide insertion. We speculate that this single base substitution is responsible for the
preferential nsage of a ¢ryptic splice donor site during the splicing process.

Mutations in the human B-galactosiadase gene on chromosome 3 (Shows et al., 1979)
lead to absence or abrogaiion of the normal function of 3-galactosidase, which is the
hydrolysis of B-linked terminal galactosyl-residues from a variety of natural substrates,
like glycolipids, glycopeptides and oligosaccharides (Conzelmann and Sandhoff, 1987;
O'Brikn, 1989). The majority of active B-galactosidase is found in a complex with
lysosomal neuraminidase and the protective protein/ cathepsin A (Verheijen et al,
1982; 1983; Yamamoto and Nishimura, 1987). It has been demonstrated that the
latter is essential for intralysosomal activation and stabilization of the other two
glycosidases (d’Azzo et al.,, 1982; Hoogeveen et al.,, 1983; Verheijen et al, 1985; Van
der Horst et al,, 1989).

An isolated B-galactosidase deficiency results in the metabolic storage
disorders Gy-gangliosidosis and Morquio-B syndrome (Okada and O'Brien, 1968;
O’Brien et al,, 1976; Groebe et al., 1980; for review see O’Brien, 1989). Depending on
the clinical symptomatology Gy, -gangliosidosis patients are classified as having either
the severe infantile or the mild juvenile and adult form of the disease. The infantile
Gyp-gangliosidosts patients suffer from a severe neurodegenerative disorder,
dysmorphic features and hepatosplenomegaly, leading to early death. The residual
activity of 8-galactosidase in these patients is less than 1%. Pathologic examination
shows excessive accurmnulation of Gy-ganglioside in neuronal tissues as well as
glycosaminoglycans and glycopeptides in visceral organs and other tissues. The
juvenile and adult variants have milder symptoms, a prelonged life expectancy and
higher (10-15%) residual B-galactosidase activity. In Morquio-B syndrome, the mutant
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enzyme can normally degrade Uy,-ganglioside, but has an aliered argmty 10T
keratansulphate and oligosaccharides, which are the major substrates accumulated in
patient’s tissues (Paschke and Kresse, 1982; van der Horst et al,, 1983). Therefore, no
obvious neurologic impairment is detected in the latter syndrome, in contrast 10 Gy~
gangliosidosis.

In human cultered fibroblasts the newly synthesized B-galactosidase is a
glycosylated precursor molecule of 85 kDa that is processed through intermediate
forms to a 64-kDa mature enzyme (d’Azzo et al,, 1982).

The ¢cDNAs and genes encoding human and mouse B-galactosidase have been
isolated and characterized (Oshima et al, 1988); Morreau et al., 15989; 1991;
Yamamoto et al,, 1990; Nanba and Suzuld, 1990; 1991). The primary structures of the
human and murine enzyme, as deduced from the ¢DNAs, share 80% identity
(Morreau et al, 1989; Nanba et al, 1990). Exon/ intron boundaries are also
completely conserved between the two species, the only difference being the length of
exon I, XIIX and XVL Amnalysis of the promoter regions of both genes has revealed
several binding sites for the transcription factor SP1, within a GC rich sequence and
no conventional TATA and CCAAT elements (Morreau et al,, 1991; Nanba et al,
1991). It has been shown that the human gene can give rise to at least two
alternatively spliced mRNAs: one major transcript of 2.5 kb encodes the classic,
catalytically active B-galactosidase protein, and one minor of about 2.0 kb gives rise to
a non-lysosomal B-galactosidase-related protein which is inactive towards the artificial
substrate used {(Morreau et al., 1989; Yamamoto et al., 1990).

The characterization of the human B-galactosidase ¢DNA has led to the
identification of several mutations underlying distinct clinical forms of Gyy-
gangliosidosis and Morquio-B syndrome (Yoshiba et al, 1991; Nishimoto et al., 1991;
Oshima et al., 1991). All G,-gangliosidosis patients sofar analyzed are of Japanese
origin, Most of the identified mutations are single base substitutions leading to single
aminoacid changes. The majority of the mutations are different in clinically distinct
patients, although in meost of the cases only cme allele has been identified. In this
report we describe the genetic lesion present in two siblings affected with the severe
infantile form of Gy;-gangliosidosis. We have found that the insertion of an extra T
nucleotide at the donor splice site leads to aberrant splicing of B-galactesidase pre-
mRNA.

Experimental Procedures

Cell culture

Human skin fibroblasts from the index patient, the ferus and their parents, were obtained from the
Europcan Cell Repository, Rotterdam (Dr WJ. Kleijer), Fibroblasts were cultered in Dulbeeco’s
modiffed Eagles - Hams F10 medium (1:1 vol/vol) with anribiotics and 10 % feral bovine serum.

Oligonueleotides
For ¢DNA synthesis, PCR amplification, nucleotide sequencing and hybridization studies several
oligonucleotide primers were constructed on the basis of cither HBGaLl c¢DNA or genomic sequences
(Morreau et al., 1989; 1991). The oligonucleotide primers were synthesized on an Applied Biosystems
381A oligonucleotide synthesizer and purificd as recommended by the manufacturer, The following
primers were made:
(3) SCGAATTCATGCCGGGGTTCCTGGTICGE 3 (sense)
() SCGAATTCCTCCCATTTCCCACTCTGCACAG 3° (antisense)
(€) 5 GGCTTGCGCAATGCCACE 3'(sense)
(d) 5 CITGCGCGTTAAGTCIGE F(sensc)
(e) 5" GGGACCCOGGTATGTGCC 3 (sense)
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(f) 5* gettecccgecagectgt 3'(antisense intronic)
() 5 CTTGCGCGTAAGTCTGC 3'(sense)
{h) 5* AGCTCATGAGCCAGCCGAAG 3'(antisense)

cDNA synthesis; PCR amplification of cDNA and genomic DNA

Total RNA was isolated from cultured fibroblasts as described by Auffray and Rougeon (1980). The
cotire coding sequence of the B.galactosidase mRNA was reverse transeribed into six overlapping single
stranded cDNA fragments using specific antisense primers (Hermans e of. 1988). Fragments were
subsequently amplified on a Perkin Elmer Cetus thermocycler using sense and antisense primers in the
presence of Tag polymerasc. Genomic DNA was amplificd similarly (Saiki er af., 1988). Single stranded
¢DNA or genomic DNA samples were synthesized for dircct sequencing by the asymmetric polymerase
chain reaction method, as described by Gyllenstein and Erlich, {1988). Nucleotide sequencing was
performed by the dideoxy chain termination method of Sanger ef «f. (1977), with internal primers or
primers used for the first strand cDNA synthesis. In few occasions, PCR products were digested with
EcoRI and subeloned into pTZ18 or 19 plasmid vectors (BRL). Nucleotide sequencing of these subclones
was carried out with the dideoxy-chain termination method on double stranded DNA (Murphy and
Kavanagh, 1988) using either MI3 reverse or universal primers (BRL). The sequencing kit was purchased
from United States Biockemical Corp.

For hybridization of Southern blots containing amplified DNA fragments, oligonucleotide
probes were lzbeled at their 5 end with ¥ PP and T, polynucleotide kinase. Hybridization and washing
conditions were as previously described (Wood e al.,, 1985). cDNA probes were labeled according to the
procedure of Feinburg and Vogelstein (1983).

Results

Two altered cDNAs are derived from aberrarutly spliced fi-galactosidase pre-mRNAs

A male infant, born in 1978 from healthy unrelated parents, was diagnosed at 14
months of age to suffer from severe infantile Gy,-gangliosidosis. The subsequent
pregnancy of the mother resulted in early termination since the fetus was found to be
also affected.

In order to identify the mutation(s) underlying the Gy-gangliosidosis in this
family, total RNA was isolated from skin fibroblasts of the index patients, the fetus
and the parents. As seen in Fig.l, in total RNA preparations from both patients a
very reduced amount of the 2.5 kb B-galaciosidase transcript is detected in the
Northern blot, that is also resolved in 2 broad fuzzy band. The parents show about
half of the amount of the 2.5 kb B-galactosidase mRNA. present in the normal control.

G ME P2
Kb -

Fig. 1. Northern blot analysis of fibroblast RNA.
Total fibroblasts RNA (20 pg) from a control (C), two Gy, -gangliosidosis patients (P1 , P2) and their
parents (M, F) were fractionated on a formaldehyde agarose gel and probed with the full length HBGal.
cDINA,
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Biosynthetic Iabeling experiments carried out on fibroblasts from the different family
members, showed in both parents a reduced synthesis of B-galactosidase precursor
that was correctly processed into the 64-kDa lysosomal form. In contrast, the patients
were found to be completely devoid of precursor as well as mature proteins (not
shown).

To identify the mutation(s), we first analyzed the sequence of the B-
galactosidase mRNA isolated from the family members. For this purpose, six
overlapping ¢DNA fragments encompassing the entire coding region of the B-
galactosidase mRNA were amplified from total RNA preparations, using first strand
cDNA synthesis and the polymerase chain reaction (PCR). Amplified fragments were
either sequenced directly or subcloned inmto pTZ18 or 19 plasmids and then
sequenced. Only in the region spapming nucleotides 49452 of wild type B-
galactosidase cDNA, amplified with oligonucleotide primers (a) and (b) ( sequences
are given in the Experimental Procedures ), we detected differences from the normal
sequence. In both patients two abnormal ¢cDNAs were identified carrying both a 20
nucleotide (nt) iusertion at position 126 of HBGaLl ¢DNA. The sequences of these
aberrant transcripts, 1 and 2, including the insertion, are shown in Fig 2A (panel 2
and 3). In addition to the 20 nt insertion, transcript 2 is also devoid of sequences
encoded by exon II (Fig 2A, panel 3). The ¢cDNA sequences spanning the normal
exon I/II and exon II/IMI boundaries are also shown (Fig. 2A, panels 1 and 4).

Comparison with the corresponding genomic area demonstrated that the 20
nt insertion resembles the splice donor site and 3° flanking sequences of intron 1 of
the human B-galactosidase genme (Morrean et al, 1991). However, an additional T
nucleotide is present in transcripts 1 and 2 of the patients after the conventional GT
dinucleotide of the splice donor site. These abnormal mRNAs must be therefore be
derived from aberrantly spliced pre-mRNA molecules, as depicted schematically in
Fig. 2B. Apparently, the normal splice denor site of intron 1 is not longer recognized.,
but imstead a cryptic site 21 nucleotide downstream is preferemtially chosen. The
aberrant transcripts are not amplified from mRNA preparations of both parents,
indicating that they probably represent 2 mincr pool. The 20 nt insertion causes a
frameshift in the open reading frames (ORFs) of both aberrant transcripts. The
reading frame of transcript 1 terminates in an early stopcodon. Consequently, only a
small aberrant peptide could be potentially translated from transcript 1. In contrast,
due to the deletion of exon Il-encoded sequences in tramscript 2, the normal 8-
galactosidase ORF is resumed in transcript 2, and the latter could give rise to a
protein missing only the exon II encoded aminoacid stretch. However, as mentioned
above, immunoprecipitation studies have failed to reveal the presence of any 8-
galactosidase protein in patient’s fibroblasts.

To confirm the ¢DNA sequence findings we performed the following
experiment, taking advantage of a unique PpuM1 recognition site present within the
20 nucleotide insertion. The ¢cDNA fragment spanning nucleotide 49452 was again
amplified from total RNAs of all family members using the same oligonucleotide
primers mentioned in Fig. 2. After digestion of the PCR products with the restriction
enzyme PpuM1, the resulting ¢<DNA. fragments were separated on a 1% agarose gel
and subsequently transferred onto nylon membranes. The lengths of undigested and
digested cDNA fragments are shown in Fig. 3B. The blots were hybridized with
different P labeled oligonucleotide probes, indicated as blocks in the scheme of Fig.
3A (sequences are given in the Experimental Procedures). Oligo (c) is specific for the
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1 2

Tr2
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Fig. 2. Partial nuclcotide scquence of aberrant trapscripts 1 and 2.

A. Total RNA was isolated from fbroblasts of a normal individual, the two G,;-gangliostdosis paticnts
and their parents. The mRNA samples were roversc transeribed into ¢DNA with antisense primers
located In different parts of the B-galactosidase mRNA molecnle. These cDNAs were subsequently
amplified with sensc and antisense primers, subcloned and sequenced (pancl 1, 2 and 4) or sequenced
directly after an asymmetric PCR reaction {pancl 3}. A portion of the normal antisense sequence of 8-
galactosidase mRNA spanning ExI/EXII and ExXI/ExII boundarics is shown. Furthermore scquences of
the aberrant transcripts 1 and 2 are given which mclude the 20 nudleotide insertion (indicated with
brackets).

B. Schematic representation of the splicing mechanism leading to aberrant transcripts 1 and 2. Exon
scquences are indicated by roman numbers I/IT and II. The 20 nucleotide intronic scquence (1) present
in transcript 1 and 2 is shown as a black bar, Normal splicing is indicated by underbroken lines.

normal transcript and is an exon I/II overlapping primer, spanning nt 117-134 of
HBGaL, olige (d) recognizes both abnormal transcripts, whereas oligo (e) is unique
for tramscript 2 and overlaps between insertion and exon III sequences. Furthermore,
we used 2 *¥P labeled ¢<DNA probe specific for exon I, spanning nt 150-219 of
HBGal. ¢DNA. The results are shown in Figd. After hybridizaton with
oligomucleotide (¢) only the normal 413 bp fragment is seen in samples of controls
and parents, although in the latter it is present in clearly reduced amounts. In
amplified samples from both patients the 413 bp fragment is completely absent. These
results implied that either both B-galactosidase alleles carry the same mutation or
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95 + 338

95 + 168

Fig.3. FpulM! restriction analysis of partiel clONAs derived from transcript 1 and 2.

A. Schematic representation of B-galactosidase normal (N) and mutant (TR1, TR2)} ¢DNA fragments
amplified with ofigonucleotide primers (a) and (b), indicated as black bars. Regions encoded by specific
exons are marked by LI or III. The numbers above the open bar refer to the nucleotide position in the
HBGaL <ONA. The restriction enzyme PpuM1 is indicated with a capital P,

B. Amplified cDNA fragments were subjected to restriction analysis with the restriction enzyme PpuMi.
The length of digested and undigested ¢cDNA fragments is given in base pairs (bp).

only one allele is transcribed. With oligonucieotide (d) a 95 bp fragment, that proves
the presence of abnormal transcripts 1 and 2, is visible only in samples from the two
patients. No such fragment is detected among the amplified products derived from
mRNA of the parents. A transcript 2-specific 168 nucleotide fragment hybridizes in
both patients with oligo (e). Furthermore, a 338 bp fragment specific for the aberrant
transcript 1 Is also detected with the cDNA probe comprising exon II sequences and
is present in samples from both patients. With the same probe, the 413 bp normal
fragment is also seen in samples from controls and parents. These results confirm the
direct sequencing data.

Analysis of exon I/intron 1 fi-galactosidase genomic region.

A 20 nucleotide intronic imsertion is found in the B-galactosidase mRNA of both
affected children. In order to confirm the presence of the additional T within this
nucleotide stretch at genomic level, we amplified a 150 bp genomic region with the
exomnic primer {2) in the sense orientation and the intronic primer (f) in the antisense
orientation (sequences are given in the Experimental Procedures). The outline of the
experiment is shown in Fig.5 (upper panel). The sequences of amplified fragments
from the patient’s DNA are compared with the normal sequence of this genomic
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Figd. Southern blot analysis of PpuM1 restricted cDNA fragments.

The ¢cDNA fragments, mentioned in Fig.3, were separated on agarose gels and subjected to Southern blot
analyses using as probes cither oligo (¢) {specific for the normal transeript), oligo (d) (specific for
transcript 1 and 2) or oligo () (specific for transcript 2). Furthermore a ¢cDNA probe derived from exon
I of the human B-galactosidase gene was also tested. The length of the hybridizing ¢DNA fragments is
given in base pairs (bp). Amplified samples from controls are indicated as C1/C2, from the two sibs as
P1/P2 and from their parents by F/M.

&

- C Mo F P11 . . P2 o2
o

3 . e . 2

Fig.5. Partial nucleotide sequence of the f-galactosidase genes from two GMI-gangliosidosts pattents (PI,

FP2), their parents (M, F} and a control (C).

Genomic DNA was isolated and subjected to asymmetric PCR of the mutated genomic region using exon

derived obigo (a) and iotromic oligo (f), giving fragments of 150 nuclcotides long. The antisense sequence
is shown.

region and are shown in Fig.5 (Iower panel). The results demonstrate that in genomic
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DNA from both parents a double sequence starts right after the insertion of the extra
T nucleotide, indicating that both parents carry the same mutation. The genomic
sequences of the patients indeed confirm that they are homozygotes for the T
mucleotide insertion. Finally, a 150 nucleotide genomic fragment encompassing the
mutation was amplified from total DNA of the parents, sibs, and controls, transferred
onto mylon membranes and hybridized with allelic specific oligonucleotide probes
either derived from the normal sequence (oligo g) or carrying the T nucleotide
insertion (oligo d). As shown in Fig.6 {(upper panel) the amplified fragment in
samples from both parents is clearly hybridizing (M and F), however with half of the
intensity of fragments from the two patients, that carry the same mutation in both
alleles (P1 and P2). The 150 bp fragment in both parent’s samples hybridizes with
half of the intensity of fragments from two control-DNAs (Cl and C2) using the
normal oligonucleotide primer (g) (Fig6, lower papel). These data further
substantiate the finding that both parents have the same abnormal allele, carrying an
extra T nucleotide at the splice donor site of intron 1. No specific signal is seen with
oligonucleotide (g) in the patients material.

PTFZZI"{I FCicz
Voo 1

1500p ~ x5".TTGCGCGT " TAAGT.2'

150bp - X3 T TGCGCGTAAGT.S

Fig.6, Hybridization analysis of f-galactosidase genomic fragments.

A 150 nucleotide genomic fragment spanning the mutation was amplificd using oligo (a) and {f), from
total DNA of two normal individuals (C1, C2}, the patients (P%, P2) and their parents (M, F). The
fragments were subjected to Southern blot analysis using oligonucleotide probes either specific for the
normal (lower panel) or abnormal (upper panel) allele.

Discussion
We have shown that homozygosity for a gemomic mutation causes a severe infantile
form of Gy,-gangliosidosis in a family with two affected sibs. A single T sucleotide
insertion, immediately after the conserved dinucleotide GT of the splice donor site of
mtrom 1, is likely to inmterfere with the normal splicing process, leading to a
preferential use of a more downstream cryptic splice site. In total RNA preparations
from fibroblasts of both patients we have identified two aberrant transcripts, however
we can not rule out the possibility that more alternatively spliced forms may exist.
The role of conserved structural elements in splicing of higher eukaryotic pre-
mRNAs have been well documented (for a review see Breathnach and Chambon,
1981). These elements consists of a 5 splice donor site, a 3 splice acceptor site and a
less conserved branch point sequence. Mutations at the GT/AG dinucleotides of 5
and 3 splice sites were shown to interfere with the normal splicing process both in
site directed mutagenized genes and naturally occuring mutants (Padgett ef al., 1986).
It has been empirically calculated that a T nucleotide in the third position of a
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normal splice donor site is found only in 5% of the cases, whereas an A nucleotide is
most commonly present (70%; Padgett er af., 1986). Indeed an A is the base normally
encountered in the third position of the B-galactosidase splice donor site of intron 1
(Morreau et af., 1991). At the moment it is unclear whether the A to T substitution at
the third position of the donor site. due to the additional T nucleotide, is the cause of
the abnormal splicing or it is the insertion per s¢. Eventually, both alterations might
either modify the recognition site for the splicing machinery or interfere with the
normal lariat formation of intron 1. It is noteworthy that the more downstream splice
donor site of intron 1, that is recognized as splice donor site during splicing of the 8-
galactosidase pre-mRNA of the patients, has the conventional 5GTA 3" mucleotide
triplet. Preferential usage of this donor site may cause the generation of a completely
different lariat form and subsequent exon skipping during the splicing event. Such a
mechanism might explain the presence of transcript 2 in these patients. We have
shown on Northern blots that the amount of B-galactosidase mRNA in patient’s
fibroblasts is severely reduced. Apparently the aberrantly spliced transcripts are highly
unstable. Only from transcript 2 a B-galactosidase protein could potentially be
translated, missing the sequence enceded by exon 1L However, this product can not
be immunoprecipitated from fibroblast extracts of both patients, using anti-B-
galactosidase antibodies.

Several different mutations leading to the infantile type of Gy,-gangliosidosis
in Japanese patients have been documented (Yoshiba er al., 1991; Nishimoto er al,
1991; Oshima e al., 1991). In five of these patients only one of the alleles has been
analyzed. Three of them carry point mutations resulting :n a single amino acid
changes, the other two have a duplication of both exon XI and XII that leads to a
frameshift mutation. Only one patient was found to be homozygote for a single base
substitution that creates a stop codon.
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The protective protein was first discovered beecouse
of its deficiency in the metabolic storage disorder gal-
actosialidosis. It associates with lysosomal fg-galacto-
sidase and nmeuraminidase, toward which it exerts a
protoctive function necessary for their stability and
activity. Human and mouse protective proteins are
homeologous te yeast and plant serine carboxypepti-
dases. Here, we provide evidence that this protein has
eazymatic activity similar to that of lysosomal cathep-
sin Ar 1) overexpression of human and mouse protec-
tive proteins in COS-1 cells induces a 3—4-fold increase
of cathepsin A-like aetivity; 2) this activity is reduced
1o ~1% in three galoctosinlidosis patients with differ-
ent clinical phenotypes: 3} monospecific antibodies
raised against human protective protein precipitate
virtually all cathepsin A-like activity in normal buman
fibroblaat extracts. Mutagenesis of the serine and his-
" tidine active site residues abolishes the enzymatic ac-
tivity of the respective mutafl prosective proteins.
These mutants, however. behave as the wild-type pro-
teir with regard to intracellular routing, processing.
and secretion. In contrast, modification of the very
copserved Cvs™ residue interferes with the correct
folding of the precursor polypeptide and, hence, its
intracellular transport and processing. The scereted
active site mutant precursors, endoeytosed by galae-
tosialidosis fibroblasts, restore S-galactosidase and
neuraminidase aetivities as effectively as wild-type
protective protein. These findings indicate that the
catalytic activity and protective function of the protee-
tive protein are distinet.

Intralysosomal degradation is a composite process that is
largely controiled by a battery of acidic kydrolases, The ma-
jonity of these glycoproteins are svnthesized on membrane-
bound polysomes as high molecular weight precursors and
routed to the lysosomes via a series of compartment-depend-
ent posttranslational modifications. For the stepwise catabo-
lism of differens macromolecules to occur efficiently, o num-
ber of these hydrolases must work in concert and mighs,
therefore, reside in a multienzymic ¢complex. An example of
such a complex could be the one consisting of lysosomal g-
palactosidase (EC 3.2.1.23), N-acetyl-a-neuraminidase {siali-
dase, EC 3.2.1.18), and the protective protein (1-3). In human

™ The couts of publication of this article wore defrayed in port by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in uccordance with 18 U.S.C. Section 1724
sclely to indicate this fact.
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Biology and Genetics, Erasmus University, P. 0. Box 1738, 3000 DR
R;;r.grciam. The Netherlands, Tel: 31-10-4087173-8140; Fax: 31-10-
4087212,
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placenta (3), bovine testis (2), and porcine spleen and testis
(4, 5) those three glycoproteins copurify through an affinity
matrix for 3-galactcsidase.

Tho association of the protective protein with g-galactosid-
nge and neuraminidase is essential for the stability and activ-
ity of these two ghycosidases within the lysosomes (3, 5, T
This is reflected by the existence of the metabolic storage
disorder palactosialidosis (8), in which a primary defect of the
protective protein results in a combired g-galactosidase/meur-
aminidase deficieney (1, 8). Among galactosialidosis patients
distinet clinical phenotypes exist, ranging from severe early
infantile forms In which visceromegaly with nephretic syn-
drome, heart failure, and other sbnormalities lead to carly
death or fetal hydrops, to milder late infantile and juvenile/
aduit variants (8, 10). Biochemical heterogenoity within these
recognized phenotypes has also been observed (11, 12).

In human cultured fibroblasts the protective protein is
synthesizod 03 o precursor of 54 kDa whichis proteolytically
processed into o mature two-chain form of 32- and 20-kDa
polypeptides linked together by disulfide bridges (1, 12). The
predicted amino acid sequences of human as well as mouse
protective proteins are homologous 1o yeast and plant serine
carboxypeptidases (12, 13). Both protective proteins react
with the serine protease inhibitor DFP,' but only in their
mature state {13), Together these findinps allowed us to
predict a serine carboxypeptidase activity for the protective
protein that is apparently synthesized and transported to the
lvsosomes as a zvmogen. Some of its characteristics correlate
well with those of & previously identified carboxypoptidase,
cathepsin A {EC 3.4.16.1). This enzyme has been partially
purified from different sources {14) and was shown to exist in
small and large aggregate forms {15). In the native small
aggregate, subunits with molecular masses of 20, 25 and 55
kDa are present, of which the 25-kDa polypeptide reacts with
DFP (16). Besides its carboxypeptidase activity, optimal at
aeidie pH, cathepsin A con also function as & peptidyl ami-
noacylamidase {14, 17). Recently, o deamidase/carboxypepti-
dase purified from human platelets was shown to have se-
quence identity to the NH: termini of the protective protein
chains (18). Enzymatic characterization of this deamidnse
with a variety of substrates and inhibitors also suggested a
similarity to cathepsin A.

Here we provide direct evidence that the protective protein
maintains cathepsin A-like activity. Galactosialidosis is there-
fore the first example of a lysosomal storage disorder associ-
ated with o protease'deficiency. We also demonstrate by site.

! The sbbreviations wed are: DFP, diisopropylflucrophosphate;
MES, 2-(N-morpholinolethanesulfonic ncids Z, benzyloxyearbonyl;
bp, bosepair(s); Gy, I*NewAe-GgOseCer; anti-54, antibodies raised
apainst rocombinant human protective protein: anti-32, antibodies
raised ogainst the mature denatured human 32-kDa protective protein
subunit; ER. endoplasmic reticulum.



Dual Function of the Protective Protein

directed mutagenesis of the human protective protein that its
cathepsin A-like activity can be separated from its protective
function toward g-galactosidase and neuraminidase.

EXPERIMENTAL PROCEDURES

Celt Culture—Human skin fibroblasts {row nermal individuals,
patients with the early infantile (19) and juvenile/adult (20) forms of

| ialidosis, and a Ga;-pengliosidosis patient were obtained from
the European Cell Bank. Rotterdar (Dr. W J. Kisijer). Cells from
the late infontile galactosinlidosis patient {21) and both parents were
provided by Dr. G. Andrin, Dept. of Pediatries, University of Napels,
Italy. Fibroblosts were maintained in Dulbecto’s modified Eaples
medium. Ham’s F10 medium (1:1 v/v) supplemented with antibiotics
and 10% fetal bovine serum. COS-1 cells {22) were grow in the same
medium, supplemented with 5% fetal bovine serum.

Enzyme Assays—For enzyme activity assays and immunotitration
experiments cells werg harvested by trypsin treatment and homoge-
nized in deuble-distilled water, When necessery, cell lysates were
subsequently diluted in 20 mM sodium phosphate, pH 6.9, containing
1 mg/ml bovine serum albumin, Cathepsin A activity was measured
in cell homegenates using 2 moditication of the method of Taylor and
Tappel (23). Briefly. 5 ul (2-10 ug of protein) of cell homogenates
were incubated for 30 min at 37 °C in 100 pl of 50 my MES, pH 5.6,
1 mm EDTA, in the ob ot p of 15 mu N-blocked
dipeptides Z-Phe-Ala, Z-Phe-Leu, or Z-Glu-Tyr (Bachem). Reactions
were stopped by addition of an equal volume of 10% (v/v) trichioro-
acetic acid. Precipitates were removed by centrifugation, and a frac-
tion (5%) of the supernatants wae tuken to measure the conecentration
of relensed amine acid by the fuerimetric methed outlined by Roth
(24). The activitiea of S-galoctosidase, newraminidase, and §-hexosa-
minidase were mensured with artifieial d-methylumbelliferyl sub-
wtrowes {28). Total protein concentrations were determined as de-
serbed previously (28),

Antibodies and Smmunotitration of Cathepsin A-like Activity—We
have previously described the preparation of antibodies raised against
a denatured lorm of the 32-kDa subunit of human protective protein
(12). These “anti-32" mtibodies recognize under reducing and dena-
turing conditions the 54-kDa precursor form as well as the 32-kDa
mature component of the protective protein. To obtain a monespecific
antiserum that immunoprecipitates human protective protein under
native conditions, the latter was overexpressed in Spodoptera frugi-
perda {S{9) insect cells, that had been infected with recombinant
baculovirus containing human protective protein cDNA? Protective
protein was purified {rom the culture medium of infected eells using
a concanavalin A-Sepharose ¢olumn {Pharmacia), as deseribed enrlier
(), “Anti-34" antibodies were raived in rabbits against this purified
protein preporation, An IgG fraction (2.2 xg of protein/ml} was
prepared from anti-54 antisenum using a protein A-Sepharese columa
{Pharmacia).

Immunotitration of cathepsin A with anti-34 antibodien was per-
formed essentially as described before (3). Formalin-fixed Staphylo-
coceus aureus cells (Immunoprecipitin, Bethesds Resenrch Labora-
tories) were added to the samples to remove antigen-antibody com-
plexes.

Tsolation of eDNA Clones and DNA Sequenee Analysis—A chicken
embrye Agt11 eDNA library (Clontech, Palo Alto, CA) (27), consisting
of 1 X 10" independent ¢clones, wae plated out as described before (13)
and screened using the heterologous human protective protein cDNA,
Hus4, o3 & probe {12, 285, The longest <DNA insert was subcloned
into pTZ18 and 19 (Pharmacia) {29) and sequenced on both strands
(30. 31). Comparisen to the human sequence showed that the chicken
<DNA lacks the ATG start codon and part of the signal peptide.
SBequence data were analyzod with the programs of the University of
Wisconsin Genetics Computer Group (32). Protein alifnments were
also done with the lntter software package.

Pigsmid Conatructs—In vitro mutngenesis of human protective
protein cDNA was carried out wsing the method described by Higuchi
et al (33). Polymerase chain reaction-amplified DNA fragments,
containing the desired mutations piving rise to single amino acid
nsubstitutions, were introduced in the norral human ¢DNA by suitable
restriction enzyme aites. Using the same procedure the deletion
construct 32(A20} was generated by introducing a 5top codon in one
of the amplification primers. The stop codon follows immediately the
AE™ residue. A 365-bp BemHI fragment, with the point mutntion

*B.J. Bonten and A, ¢ Azzo, manuscript in preparation.
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that gves rise to the Ser™ to Ala™ amino acid change, was subge-
quently substituted for the wild-type fragment into the 32{220)
construct, using standord cloning procedures {29), This resulted in
the 328A(220). The 20(332) construct encodes the human 20-kDa
subunit tagged with the signal sequence (residues 299 to 452 and —28
1o +1 in the human protein, respettivelyl. The cDNA stretches
encoding these two parts of the protective protein preproform were
amplified by polymerase chain resction and afterwards ligzted to-
gether using an Neol restriction enzyme site introduced in two of the
amplification primers. This site does not alter the amino acid se-
quences of the 20-kDa subunit, or signal peptide. All DNA fragments
resulting from polymerase chain rezction ampldfication were veritied
by sequencing as deseribed above. The oligonucleotides needed for
site-directed mutagenesis were synthesized on an Applied Biosystems
381A oligonucleotide synthesizer,

Human/chicken ¢DNA, HCh1, was made by exchange of 5’ -end
chicken with humazn ¢DNA sequences at a conserved Pszl restriction
enzyme site. All constructs were cloned into a derivative of the
mammatian expression vector pCD-X (34) as described previously

12

Transfection in COS-1 Celfs~-COS-1 cells were seeded out In 30-
mm dishes 1-2 days prior to transfection snd grown to 30% con-
fluency. Transfection in COS-1 cells, metabolic lsbeling of transfested
cells. and preparation of cell extracts and media were carried out as
deseribed before (12, 35)_ Cells were laboled with [PHleueine {143 Cif
mumol, Amersham Corp.). Immunopregipitation of radiolabeled pro-
teins from cell lvsates and medin was performed using anti-32 or anti-
54 antibodies, as reported carlier (35). Radicactive proteins were
resolved on 12.6% polyacrylamide gels under reducing and denaturing
conditions and visualized by (luorography of gels impregnated with
Amplify {Amersham Corp.), For the DFP-binding assay and direct
mensurement of eathepsin A activity, COS-1 cells wore transfected
with various pCD construets and maintained afterwards for 72 h in
normal culture medium, Subsequently, cells were harvested by treat-
ment with trypsin. Cell lvsater were either incubated with ["H]DFP
(Du Pont-New England Nuclear, 3.0 Ci/mmol) {13) or used as such
for detection of cathepsin & activity as described above.

Uptake Studies in Human Fibroblasts—COS8-1 cell-derived protac.
Live Protein precursors were obtained from the medium of unisbeled
CO8-1 cells, transfected in 100-mm Petr dishes. Media were congen-
trated os described previously (35) and” half of the concentrnted
reaterial was added to the medium of recipient early infantile galac-
tosialidosiz fibroblasts {12}. After 5 davs of uptake the medium was
reploced with fresh medium containing the other half of concentrnted
material. 2 days later eells were harvested by tevpain treatment, and
cell Tysetes were partly used for enzyime activity assays. The remsin-
der of these homopenates was diluted 7-fold in 10 mM sodium phos-
phate butler. pH 6.0, containing 100 mM NaCl and 1 mg/mi bovige
serum albumizn. After centrifugation to remove insoluble material the
cell lysates were divided into three aliquots of 25 ul each and incubated
for 1.5 h with 1.5 ul of preimmune serum, anti-34 antibodies, or anti-
native humon F-gulactosidase antibodies. Immunoprecipitin, exten-
asively washed in the aforementioned buffer, was subsequently added
o the sampies, and after 30 min antibody-antigen complexes were
removed by centrifugation. All steps weve performed on ice orat 4 "C.
The supernatants were assayed for g-gnlactosidase activiry.

Indirect Immunofiuarescence—COS-1 cells, wanafected with se-
teeted pCD ¢onstrucks, were treated mildly with tzypsin 48 h after
transfection and subsequently reseeded nt low density on coverslips.
16 h later cells were fixed and incubared with anti-32 antibodies and
in & second step with goat anti-(rabbit 1gG) conjugated with fluores-
cein {36),

Im lectron Microscogy—Translected COS-1 cells were fixod
in 0.1 m phosphate buffer, pH 7.3, containing 1% acrolein and 0,45
glutaraldehyde. Further embedding in gelatin, preparatien for ultra-
cryotomy. and the methods for immunoelectron microscopy were as
reported earlier (37).

RESULTS

Evidence That the Protective Protein Is Similar to Cathepsin
A—Wae first ascertained whether the protective protein main-
tains carboxypeptidase activity aside from its protective fune-
wion. The choice of the synthetic substrate to use in the assay
was dictated by the similarity of the protein to cathepsin A
(14-18). The latter hydrolvzes preferentially av acidic pH
acylated dipeptides having a hyvdrophobie residue in the pe-
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nultimate (P1) position {38). Of these N-blocked dipeptides
Z-Phe-Ala was reported to be the mest specific substrate fer
cathepsin A (38). .

In otal eell homogenates from human cultured fibroblasts
we have measured the hydrolysis of Z-Phe-Aln as well ag Z-
Glu-Tyr and Z-Phe-Leu. The rate of hydrolysis is maximal
for Z-Phe-Ala (Table I}, 3-fold lower for Z-Phe-Leu (normal
fibroblasts: 1, 163 milliunits/mg protein: 2, 93 milliunits/mg
protein) and barely detectable for Z-Glu-Tyr (not shown), In
order to prove that the protective protein is the cnzyme
responsible for the cleavage of Z-Phe-Ala, we raised mono-
specific polyclonal antibodies in rabbits against o human
native protective protein preparntion (anti-54 antibedies). As
shown in Fig. 1, virtually all corboxypeptidase activity toward
this substrate is precipitated at increasing antibody concen-
trations. Since the purified preparation used for immunization
of the rabbits was obtained from the culture medium of S£9
insect cells infected with a recombinant baculovirus expres-
sion vector (39).7 it is unlikely that proteins of human origin,
other than the protective protein, are directly precipitoted by
the antibodies. From these results we conclude that lvsosomal
protective protein has a substrate specificity overlapping with
that of cathepsin A. We have also tested whether S-galacto-
sidase activity is coprecipitated with cathepsin A by virtue of
the association of these two proteins. Indeed, about one-third
of total 8-galactosidase activity is brought down at maximal
antibody concentration. The values for §-hexosaminidsse,
mensured In the fibroklast homopenates as o reference en-
zyme, remained unchanged throughout the experiment.

TapLs 1
Cathepsin A-like actioity in normel gnd mutant human fibroblasts
Lysates of different human cultured fibroblasts were incubated for
30 min at 37°C in 50 mM MES, pH 5.5, containing 1.5 mM Z-Phe-
Ala. Cothepsin A-like activity was determined by indirect fluorimetrie
quantitation of Jberated olanine.

Cell strain Carhopsin A-like activity
miltiunits®fme protein
Normai {Ihroblasts 1 439
2 266
G gongliosidosis A07
Early infantile galactosialidosis 1.3
Late infantile galactosialidosis 3.0
Juvenile/ndult galaetosialidosis 4.0
Parents late infantile patient M 139
F 117

*Qne mililunit is defined nz the enzyme activity that releoses 1
nmmol of alanine per min.

CP-activily In supematant (%)
8
1

¢ T T T T
[ as 1 1.5 H

Mg

Fc. 1. Inmunotitration of cothepsin A-like activity. In-
creasing amounts of an IgG antibody {raction, raised against human
native protective protein precurser, were added to a cell extract of
normal human {ibroblasts. Antibody-antigen complexes were re-
moved by addition of . aureus cells and the remnining carhoxypen-
tidnse (CP) sctivity toward the acylated dipeptide Z-Phe-Ala was
measured in the supernatant.

Dual Furetion of the Protective Protein

Carboxypeptidase Deficieney in  Gulactosialidesis  Fibro-
blasts—The same dipepride, Z-Phe-Ala, was used os substrate
to measure cathepsin A-like activity in fibroblast homoge-
nates from normal individuals, a Gwy- gangliosidosis patient
with an isclated §5-galactosidase deficiency, different galacto-
sinlidosis patients, and carriers (Table I). In contrast to nor-
mal as well a5 Gwi-gangliosidosis fibroblasts the galactosiali-
dosis cell stroins tested have minute activities toward the
substrate. Clear heterozygote values are meosured in the
carrier samples. The normal hydrolysis of Z-Phe-Ala mens-
ured in Gn-gangliosidosis cell extract indicates that an iso-
lated g-golactosidase deficiency does not influence the car-
boxypeptidase activity of the protective protein.

Analysis of Conserved Domains in Protective Proteins of
Different Specics—Amine acid sequence comparison with
other well defined serine carboxypeptidases (40~-42) revealed
that the protective protein/cathepsin A is a xeember of this
{family of enzyvmes (12, 13). Similarly, comparison of the
primary structures of protective proteins from different spe-
cies could disclose domains in the human protein important
for its association with §-galactosidase/neuraminidase and,
hence, for its protective function. However, the previgusly
characterized mouse protective protein appeared to be almost
identical to its human counterpart {13). We therefore isolated
the ¢DNA encoding chicken protective protein. Its predicted
aming acid sequence is shown in Fig. 2, aligned with those of
the human and mouse proteins. The chicken sequence lacks
the first methionine residue and part of the signal peptide.

Identity between the different proteins is §7% (chicken/
human), 66% (chicken/mouse), and 87% (mouse/human},
The serine, histidine, and aspeartic acid residuss that are
known to form the catalytic tviad of serine carboxypeptidases
{43) ore found in the chicken protective protein/cathepsin A
at positions 150, 431, and 375, respectively. Ser’™ and His™
are included In two of the three highly conserved regions
(boxed in Fig. 2) in this family of enzymes. Remarkably,
however, the chicken enzyme has a glycine for alanine sub-
stituzion at position 152 that occurs within the Gly-Glu-Ser-
Tvr-Aln-Gly domain, containing the active site serine. All
three protective proteins bave 9 conserved cysteine residues,
probably crucial for their tertiary structure as well as function.
Both chicken and mouge hemologues have two additional
cysteines, one on each subunit of their respective two-chain
forms, but ot different positions.

Additicnal essential residues and domains emerge from the
sequence alignment. Amino acids surrounding the two prote-
olytic cleavage sites (P 2, vertical arrows) are largely iden-
tical. An internal repesting motif (underlined in Fig. 2),
characterized by 2 recurring Trp résidues 16 amino acids
apart, is present in cach subunit of all three protective pro-
teins, sugresting an ancient intragenic duplication. Notably,
this “repeat” within the 32-kDa polypeptide includes the 10-
amino acid domain (residues 53—62, boxed in Fig. 2), conserved
in all serine carboxypeptidases. Four potential N-linked gly-
cosylation sites are found in the chicken protective protein
(Fig. 2, hatched boxes), two of which are in identical positions
in the three sequences.

Mutagenesis of Human and Chicken Protective Proteins—
To investigate whether the cathepsin A-like setivity of the
protective protein is esgential for the activation and stabili-
zation of B-galactosidase and neuraminidase we used & genetic
approach. As summarized in Fig. 3, mutant and hybrid pro-
tective proteins were obtained by site-directed mutagenesis of
wild-type ¢DNAs, encoding ¢ither the human or chicken
forms. The first series of mutants {Fig, 3, upper bar) carried
single amine acid substitutions in the human protein. Of the
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FiG, 3, In vitro mutagenized and hybrid protective pro-
teins. The preprofrom of human protective protein is represented by
the upper bar. Hatched part, signal sequence; stippled part, $2-kDa
subunit; cross-hatehed part, 20-kDa subunit. Bingle amine acid sub-
stitutions are indicated. The three middle bars represent the deletion
mutants. In the 325A(320) mutant the Ser*™ to Ala'™ substitution is
also present, The 20{A32) mutant is tagped with the human signal
sequence (hatched part). The lower bar represents the human/chicken
hybrid protein, having the signal sequence (hatched part) and the
most NHi-terminal 80 amino acids (scippied part) of the human
DIoteCtive protein.

catalytic trind, Ser'™ was replaced by alanine and His'™ was
mutated into glutamine, in order to abolish eathepsin A-like
activity. The third peint mutation was introduced at residue
Cys™ to study the effect of this alteration on the gorrect
folding, transport, and processing of the protective protein.
The mutants 32(320) and 20(A32) were deleted of either of
the two subunits in ordeér to check their reciprocal influence
within the twe-chain form on the cathepsin A endfor protec-
tive getivities. They encode truncated 32- and 20-kDa pely-
peptides, respectively, The latter was tagged with the human
signal sequence 1o allow its translocation into the endoplasmic
-eticulum (ER). The 328A(A20) mutant encodes a truncated
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32-kDa protein carrving the Ser'™ 1o Ala'* amino acid sub-
stitution (Fig. 3, middle bars),

The human-chicken hybrid construct, HChl (Fig, 3, lower
bar}. was made to identify determinants on the human pro-
tegtive protein, impertant for its association to S-galactosid-
ose/neuraminidase, Furthermore, the replacement of chicken
witk human 5 end ¢cDNA sequences provided HCh1 with the
correct tremslation initintion codon. As & result, the NH;
terminus of the HCh1 hybrid precursor contains 60 amino
acids of human origin.

Transient Expression of Mutant and Hybrid Protective Pre-
tetrs in COS-1 Cells—To follow the intracellular transport
and processing of mutant and hybrid protective proteins, their
corresponding ¢DNAs were subcloned into 2 derivative of the
expression wveetor pCD-X and transfected inte COS-1 cells.
Huran and mouse pretective protein ¢onstructs (pCDHu54
and pCDMo54) weze included in the experiments as controls.
Transiently expressed proteins were detected 2 days after
trangfection by metabolic labeling with PH]leucine (ollowed
by immunopregipitasion from cell lysates and media (Fig. 4).
Immuneprecipitations were carried out using two different
antibodies: those raised against the humar denatured 32-kDa
polypeptide {anti-32 antibodies), that recognize under reduc-
ing conditions the 54-kDa precursor us well as the matura 32-
kDa component, or the anti-54 antibodies.

Fig. 4 shows that singly teansfected pCD constructs direct
the synthesis of mutated or hybrid protective proteins that
are stable under the conditions used, The SA'™ and HQ*™
mutant precursors behave as wild-type pretective protein in
that they undergo normal proteslytic processing and the
unprocedsed precursors are secreted into the medium (Fig. 4,
lanes 1, 3, and 4). In contrast, the cysteine to threonine
substitution apparently interferes with the maturation and
secretion of the precursor molecule (Fig. 4, fane 2). However,
it is also possible that an aberrantly folded mature mutant
protein evades recognition by the anti-32 antibodies.
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F16. 4. Transient expression of normal puman, mutant, and
hybrid protective proteins in COS-1 cclls. COS-1 cells were
vransfected with various pCD construets: wifse) and &) represent
human proteetive protein ¢DNA in the sense and antisense orienta-
tion, respectively; CT, SA, and HQ are the single amino acid subst-
tutions; 32 and 20 represent the 32(320) and 20(432) deletion mu-
tamnts, and HCk is the human-chicken hybrid protective protein. All
abbreviations are explained [n Fig- 3. 2 davs after transfection newly
svnthesized proteins were labeled with [*H]leucine for an additional
10 b. Labeled proteins were immunoprecipitated from cells and media
using onti-32 antibodics (lenes -4 and 10-]2) or anti-54 antibodies
(lones 5-8). Proteins were separated by pelelectrophoresic under
reducing and densturing conditions and visualized by fluorography.
Molecular sizes of precursors, mature subunits, and truncated poly-
peptides are indicated at igft. For the medium samples only the 54-
kDa part of the gel is shown since the uncleaved 54-kDa precursor ix
the only form of the protective protein detected in the medium of
transfected COS-1 cells. Exposure time for fancs I—f and 70-72 was
2 days; for lenes 5-8, 3 doys.

The 32{420) deletion mutant constract encedes o 34-kDa
polypeptide that is ~2 kDa lgrper than the corresponding
wild-type subunit (Fig. 4, lane 5). A possible explanation for
this size difference is that additional carboxyl-terminal proc-
essing of the latter takes place, an event that is impaired in
the mutant 32(A20). This processing step may normally ocour
after endoproteclytic cleavage of the 54-kDa precursor sither
in an endosormal or lysosomal compartment. In addmion,
altered glycosylation of the 32(A20) mutant in comparison
with the wild-type subunit may also contribute t¢ this ob-
served difference. The 20(A32) mutant is very similor in size
to the 20-kDa component of the mature protective proteiz
{Fig. 4, lane ). Neither of the two independently synthesized
polypeptides are secreted into the medium, To test thenr
CAPACLY to associate and to analyze the influence of this event
on their introcellular transport and secretion, COS-1 cells
were cotransfected with both pCD32(420) and pCD20{A32).
Binding of the two truncated proteins was proven by their
coprecipitation with monospecific antibodies against either
the 32- or the 20-kDa denatured subunit (not shown), Sur-
prisingly, however, their interaction scema to cause a severe
reduction in the amount of immunoprecipitable 34-kDa poly-
peptide, as compared to the single tranafections (Fig. 4, lanes
5-7}, We envisaged that formatien of an “active™ two-chain
cathepain A soon after synthesis eould underly this effect.

Dual Function of the Protective Protein

This hypothesis was supported by the observation that assem-
bly of & truncated 34-kDa polypeptide, carrving the Ser™ to
Ala'™ aetive site mutation, with the 20-kDa pelypeptide does
not lead to reduced immunoprecipitable material {Fig. 4, lanes
& and 93, The results further indicate that asseciation of the
different subunits dees not induce their secretion.

The HCh1 hybrid precurser is about 4 kDa larger than the
human proform (Fig. 4, lanes 7 and J0). This is due to the
presence of two extra sugar cheins in the chicken protective
protein, since tunicamyein treatment prior to and during
labeling leads to the synthesis of precursor molecules of
identieal siz¢ (not shown). The hybrid precursor is secreted
1o the ulture meedium, but no mature form can be precipi-
1ated intraceliulary (Fig 4, lane 10). A likely explanation is
that proteolylic protessing t¢ the mature hybrid two-chain
protein does oceur but this form is not brought down by the
antibodies under the experimental conditions used,

Localizetion of Mutant and Bybrid Protective Proteins—
Given the differential behavior of mutant and hybrid protec-
tive proteins in transfected COS-1 cells, we analyzed their
subcellular distribution by indirect immunofluorescence and
imnunogeld labeling techriques. At light microscopy a typical
lvsosomul labeling pattern and a diffuse staining of the per-
inuclear region are observed in cells expressing the wild-tvpe
human, the HChl hybrid, and the SA™ mutant protective
proteins (Fig. 3, A-C) The HG™ mutant protein behaves
similarly {not ghown). In contrast, the CT? precursor as well
as the deletion mutants oll seem 10 accumulate in the perin-
uclear region {Fig. 5, D-F).

For a more refined localization, ulirathin sections of trons-
fected cells were probed with anti-32 antibodies followed by

FIG. 5. Immunocytochemical localization of nOrmai, Mu-
tant. and hybrid protective proteins in transfected COS_-J.
cells. COS-1 cells were treated with trypsin 48 h after tranafection
and reseeded on coverslips. 16 b lnter, cells were fixed and incubated
with anti-32 antibodies. The nttacellular distribution of normg‘ll
human protective protein (A}, HChl hybrid (B}, and mutants SA”

(C). CT*® (D), 32(220) (£}, and 32(A20)/20(232) (F) is shown,
Abbravintions used 16 define mutant and hybrid protective proteing
are explained in Fig, 2, Magnification: A, B, C. 16500%: ). E. F,
2000
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goat anti-{rebbit IgG)-gold and analyzed by electron micros-
copy. As shown in Fig. 6, overexpressed wild-type protective
protein is compartmentalized in lyscaomes and is detected in,
large amounts in the Golgi complex and rough ER (Fig. 6, 4
and B). A similar pattern is seen in cells transfected with the
HCh1 hybrid protein, the SA™ mutant (Fig. §, C and D) and
the HQ™ protein (not shown). Immunogeld labeling is re-
stricted exclusively to the rough ER in cells expressing either
zhe ©T% mutant or the truncated subunita (not shown). COS-
1 cells transfected with an antisense ¢cDNA were used to
estimate background labeling due to endogencus protective
protein. The number of gold particles in lysosomes, Golgl
complex, and rough ER was on average one or two. All
together these results identify two types of modified protective
proteins: those whose intraceliular transport and processing
overlop with wild-type protective protein (SA™, HQ™",
HCh1) and those that accumulate in the ER and are neither
processed nor secreted {CT, deletion mutants).

Protective Protein Actwe Site Mutants Lack Cathepsin A-
tike Activicy—The similar characteristica observed thus far
for the active site mutants with respect to wild-type protective

Fi¢. 6. Cryosections of COS-1
cells, transfected with normal hu-
wan (A and B), HChI hybrid (€) or
SA" mutant (IN protective proe
teins and labeled with anti-32 oanti-
bodies and goat anti-(rabbit IgG)-
gold. A, shows extensive lnbeling of the
Golgi complex () and lysosomes {L}, in
cells expressing the normal human pro-
tein. A low magnification of the perinu-
clear region is shown in B with extensive
labeling of rough endoplasmic reticulum
structures {R), but noy of a mitochon-
drion (M). An identical labeling pattern
is observed In cells expressing the HChl
hvbrid or SA™ mutant protective pro-
teins. Correet lysosomal targeting of
these modified proteins is shown in (T}
and (D). Bara, 0.1 am.
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protein imply that their tertiory structures are not grossly
modified by the smino acid substitutions. We next ascertained
whether cathepsin A-like activity was measurable in cells
expressing these two mutant proteins compared to cells trans-
fected with Hubd, Mo54, HCh1, nnd 32(420) constructs, Two
independent assays were used. First, COS-1 cell extracts were
incubnted with ["HJDFP. followed by immunoprecipitation
with antl-54 antibodies (Fig. 7, upper panel). As we have
shown before, human and mouse protective proteins ore able
1o react with the Inhibitor after proteclytic cleavage ¢f their
zymogens (Fig. 7, lanes I and 2). Cnly the large subunit,
carrylng the serine active site, 1s detectable. The mouse form
is slightly bigger in size and reacts peorly with the antibodics,
In contrast, neither the SAY, containing o modified active
site seriie, nor the HQ'™ mutants show any binding capacity
(Fig. 7, fanes 4 and 5). Likewise, the 32(220) deletion mutant,
missing the 20-kDa subunit, does not reset with the inhibitor
(Fig. 7. fene 6). Mature HChl hybrid molecules, if present,
again are not immunoprecipitable (Fig, 7, fane 3). Cells trans-
fected with an antisense wild-type construct were ineluded in
the experiment as estimate of the level of endogenous COS-1
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C. 7. ["HIDFP labeling and cathepsin A activity of nor-
mal, mutant, and hybrid protective proteins. Cell exteacts of
COS-1 cells, transfected with selected constructs. were incubated
with {'H]DFP, followod by immunoprecipitotion using anti-54 anti-
bodies (upper panet). Molecular size is indicated at lofe. Exponure
time was 8 davs, The pCD construets used are abbreviated as before
with the addition of pCDMob4 sense { Mo). The same set of constructs
was transfected separately into COS-1 cells to directly test cathepsin
A pctivity in the different cell extracts, using Z-Phe-Ala as substrate
{ower panel). Hatched vertical bors represent Tates of hydrolynis. One
unit is defined os the enzyme activiry that releases 1 amol of alanine
2er min.

w \\\‘

12 3

protective protein (Fig. 7, lane 7), Since the SA™ nnd HQ™
mutants resemble most the wild-type protective protein, it is
conceivable that all antibodies are efficiently competed out
by unlabeled molecules only in these cell extracts. This ex-
plains the lack of signol in fanes 4 and 5 compared to lane 7.

The results obtained with DFP inhibitor are well supported
by direct measurements of Z-Phe-Ala bydrelysis in lysates of
cells transfected independently with the same set of con-
structs (Fig. 7. lower panel). Equal inerease in cathepsin A-
like activity above endogenous COS-1 levels is measured in
cells expressing the wild-type human and mouse protective
proteins, These results demonstrate direetly that both pro-
teins have cathepsin A-like getivity and that only a small
proportion of the mouse protective protein is immunoprecip-
itated. The SA™ and HG™ mutants are ¢completely inactive,
as i3 the case for the deletion mutant (Fig, 7) and the CT%
matant (not shown). The ~2.5-fold increase in activity, de-
tected in HChl-expressing cells, confirms that this hybdd
Pprotein must be present in its mature two-chain form. Sur-
prisingly, however, it has an altered substrate specificity, as
compared to human and mouse wild-type proteins, since it
preferentially cleaves Z-Phe-Leu over Z-Phe-Ala (not shown).
This effect ¢ould be due to the glycine for alanine substitution
at position 152 in the chicken protective protein.

Dual Funetion of the Protective Protein—The two active
site mutations have been shown by different eriteria to abolish
the carbexypeptidase activity of the protective protein with-
out disturbing its tertiary structure. Therefore, these mutants

Dual Function of the Protective Protein

are excellent candidates to test. in uptake studies, whether
loss of cathepein A-like setivity influences the protective
function. For this purpese secreted reodified precursors from
transfected COS-1 cells were added to the medium of carly
infantile malactosialidosis fibroblasts deficient in protective
protein mRNA. Similarly, the secreted HCh1 hybrid as well
as mouse pPrecursor proteins were also tested. After uptake,
cells were harvested and 3-golactosidase and neuraminidese
activities measured. As shown in Table IL, the SA™ and HG™
mutant precursors, endocytosed and processed by the defi-
cient cells, restore S-galactosidase and neuraminidase activi-
ties as efficiently &5 the wild-type protein. Thus. the protective
protein has catalytic activity clearly distinet from its protec-
tive function. Surprisingly, the HChl hybrid molecule has
maintained the capaeity to bind and activate f-galactosidase
and neuraminidase, althcugh the oversll identity between
chicken and buman sequences is only 67%. It scems that the
modified active site domain (Gly-Glu-Ser-Tyr-Glyv-Gly) and
altered substrate specificity have no influence on the protec-
tive function of HChl. As observed earlier (13), the mouse
homologue, 87% similar to human protective protein, sdopts
a configuration not entirely switable for the activation of
human peuraminidase.

Confirmation that the SA'™ and HQ*™® mutants exert their
protective function via physical association with g-galactesid-
ase was obtained by examining the coprecipitation of this
enzyme with different endocvtosed protective proteins. Gal-
actosialidesis cell lvsates used te measure correction of 8-
galactosidase/neuraminidase activities were incubated with
anti-54 antibodies and, as control, with preimmune serum o
anti-native humar @-galactosidase antibodies. Fig. 8 shows
that 22, 25, and 34% of j-gulactosidase activity is coprecipi-
tated with anti-34 antibodies in cells that have taken up the
wild-type human, the SA, and the H@*** mutant protective
proteins, respectively. A comparable percentage of activity is
coprecipitated in a pormal human fibroblast howmogenate.
These results demonstrate that a proportion of active g-
palactosidase is indeed associated with the SA™ and HQ™
mutant proteins, and that the enzyme has equal affinity for
the active site mutants and wild-type protective protein. Fur-
thermore, the values are specific since §-galactosidase activity
is either not at all or 1o @ lesger extent coprecipitated in cells
treated with the HCh1 hybrid or mouse protective proteins,

Taare I
Restoration of 8-galactosidase end neuraminidase activities in
palattosinlidosis fibroblasts after uptake of various COS-1 cell-derived
protective proteirn precuraors

Equivalent amounts of seereted pregurssr proteins from the me-
diurn of transfected COS-] cells were added to the calture medium of
carly infantile galactosialidosis fibroblasts. After 7 days of uptake,
celle were harvested and enzyme activities measured using 4-meth-
vlumbelliferyl substrates. The results are representative of experi-
rents carried out several times,

“Addition of Actlvity
Cell strain protective
proleins #-Galnctosidase Neuraminidsse
milliunits"img  microunitalmy
protcin procin
Early infantile galac. wt {se) 518 560
rosialidosis 5A 518 533
HQ 4.83 700
Mobd 4,17 a0
HCb1 5.27 500
wt {a) 0.58 12
Q.72 5.1
Nermal fhroblasts 7.33 200

*One milliunit it defined o5 the enzyme netivity that relenses 1
axmol of 4-methylumbelliferone per min.
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Fi1c. 8. Precipitation of g-palactosidase activity in grdacto-
sinlidosis fibrobluits after uptake of various COS-1 cell-de-
rived protective protein precucsors. Early infontile palactosiali-
dosis (E.L.GS) cell homogenates from the uptake expenment de-
seribed in Table 11 were 2ach divided in three nliquots and incubated
with either preimmune serum, the anti-54 antibodies, of anti-native
human §-palactosidase antibodies. Az eontrols, normal human lbro-
blasts and cells from a Guy-gangliosidosiy patient were treated in the
rame manner. After precipitation of antibody-antigen complexes, the
rematning S-galactosidase activity was messured in the supernatunts
{vertical bars). The value obtained in preimmune serum treated cells
after endocytonis of wild-type human protective protein is taken ag
100% activity. Except {or normal and Gu,-ganglionldosis (ibroblasta,
afl g-galactomdase activities are expressed os a percentage of this
value. Cell homopmenotes to the right of the grrow represent ELGS
brobfasts that have taken up the different COS-1 cell-derived pro-
toctive protein precursors (abbroviated s in Fig 4).

respectively. This, in turn, is not surprising if we take into
agcount the lower affinity of anti-54 antibedies for chicken
and mouse mature protective proteins. On the other hand, a
complex, formed by human g-galactosidase and protective
proteins from other species may be more susceptible to dis-
sociation. In human fibroblasts neuraminidase i3 inactivated
upon dilution or freeze/thawing. therefore its coprecipitation
with the protective protein could not be examined.

DISCUSSION

The primory structure of human protective protein has
suggested 2 putative carboxypeptidase activity by virtue of its
homology with yeast carboxypeptidase Y and the KEX1 genc
product. We now directly demonstrate that the protective
protein at scid pH cleaves the acylated dipeptides Z-Phe-Ala,
Z-Phe-Phe, and Z-Phe-Leu with clear preference for the first
named substrate, This chymotrypsin-like activity closely re-
sembles that of lysosomal cathepsin A (14). Several lines of
evidence confirm this similarity: 1) monospecific antibodies
against native human protective protein precursor precipitate
virtually ail earboxypeptidase activity toward Z-Phe-Ala; 2)
overexpression of protective protein in COS8-1 cells leads to
increased cathepsin A-like activity: 3) cells from 2 galactosi-
alidesis patient deficient In protective protein mRENA have
leas than 1% residual cathepsin A-like activity. )

Considering the highly specific binding of the protein to
lysosomal g-galactosidase and neuraminidase, it was reason-
able o agsume that terminal processing of these two enzymes
would be the principal role of the carboxypeptidase. Our
genetic analysis. however, provides evidence that the eatalytic
and protective functions of the protective protein are distinert,
since loss of its cathepsin A activity does not influence its
ability to stabilize and activate the other two engymes. These
separable functions could relate to the existence of free and
associated pools of protective protein and §-galactosidase in
human tissues. A number of indications support this notion.
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Preliminary studies by gel filtration sugpest that prequrser
and mature protective protein/cathepsin A can form homo-
dimers of ~95 kDa free of p-galactosidase/neuraminidase.
Conversely, the immunotitration experiments presented here
have shown that not all S-galactesidase activity is coprecipi-
tated with cathepsin A using anti-54 antibodies. Earlier data
agree with these results since a fraction of g-galactesidase was
found unassociated in crude glycoprotein preparations of hue
man placenta {(3).

The reason for maintenance of these different pools of
enzymes could be the need to catabolize 2 broad spectruns of
substrates in different metabolic pathways. A rocent Teport
by Jockman et ol (18) e¢mphasizes this hypothesis. These
authors, in an effort to characterize a deamidase released from
human platelets, came to the unexpected finding that their
purified enzyme is probably identical to the proteetive protein.
They further demonstrate that in vitre this platelet enzyme
has deamidase as well as carboxypeptidase activity on biolog-
ically important peptides, like substance P, bradykinin, an-
motensin I, and oxytocin. The deamidase activity is optimal
at neutral pH, whereas the carbexypentidase works best at
pH 5.5. The purified two-chain enzyme forms homodimers of
95 kDa at this pH (18). In view of the characteristies of the
enzyme, they also came to the conchusion that it is similar to
cathepsin A. We can deduce from our mutagenesis studics
that the deamidase netivity of the protective protein is also
separable from its protective function, This does not exclude,
however, that in lyspsomes the cathepain A/deamidase works
in cooperation with 3-galactosidase and neuraminidase. For
example, in exopeptidase might be required after endoproteo-
Iytie cleavage of ghreoprotein substrates. to trigger the &ffi-
clent hydrolysis of their sugar side chains by the nasociated
glycosidases. On the other hand, complex formation may
modulate cathepsin A/deamidase activity, A better under-
standing of the functions of the protective protein requires
the identification of substrates that are targets of the enzyme
in pivo. It 1s noteworthy that protective protein mRENA expres-
sion is high in mouse kidney. brain, and placenta {13}, sug-
gesting the need of a cathepsin Afdeamidase activity in these
tissues, .4 for the inactivation of bicactive peptides such as
oxytocin and kinins.

Extended knowledge of the protective protein could arise
from the analysis of individual grlactosialidosis patients, done
in light of the results reported here. These patients have so
far been identified ond diagnosed on the basis of their reduced
S-paloctosidase/nouraminidase activities, Only recently, a
carboxypeptidase deficiency was reported for the first time in
three late infantilefjuvenile patients (44), although the less
apecific Z-Phe-Leu substrate was used in these studies. The
ability to directly detect residual cathepsin A activity n
patients will allow the identification of individuals having an
1s0lated cathepsin A/deamidase deficiency but nertasl protec-
tive protein function. The creation of animal medels having
targeted cathepsin A/deamidase active site mutations could
prove instructive in this context.

Except for the active site mutants the other modified hu-
man protective proteing are all reteined in the ER. In the case
of the mutant precursor with a cysteine to threonine substi-
tution at posizion 60 this is likely due to improper folding of
the precursor polypeptide (45). This cysteine residue is em-
bedded within the 10-residue région that is mest conserved
among all carboxypeptidases and must be important for their
three-dimensional structures (48), Moreover, this domein in
the pretective proteins.is part of an internal repeat occurring
onee in the 32- and 20-kDa chains. Since this motif is char-
acterized by tryptophan residues it could be engaged in intra-
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or intermolecular hydrophobic interactions. As deduced from
the cotransfection experiments. the truncated 32/20 and
325A/20 polypeptides can spontanecusly associate in the ER.
but are subsequently retained. This could imply thar o single
chain precursor is essential for correct transfer of the protec-
tive protein to the Golgi complex. Alternotively, aberrant
assembly of the twe chains could also cause retention, ab-
though we hove indications that coexpression of the separate
subunits in insect cells leads te a 3—4-fold increase in cathep-
sin A activity. The possibility that formation of an active
dimer in the ER has a deletericus effect on de novo synthesized
proteins awaits further investigations.

The crystallizotion of wheat serine carboxypeptidase T has
recently revealed remarkoble structural homology of this en-
zyme to zine carboxypeptidase A (43). It was speculated that
these two proteases share o common ancester, perhaps 4
binding protein that had divergently acquired greater eatalvtic
activity by two different mechanisms. In this scenarie binding
to other proteins comes before catalvtic activity. The protec-
tive protein is about 30% identical 1o wheat serine carboxy-
peptidase IL Interesting questions that arise are those of how
the eatalytic/protective activities of this plelotropic member
of the serine carbexypeptidase family have evolved and what
came first.
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THE ENDOPLASMIC RETICULUM
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SUMMARY

In lysosomes B.galactosidase and meuraminidase acquire a stable and active conformation through
their association with the protective protein. The latter is komologous to serine carboxypeptidases and
has cathepsin A-like zetivity which &s distinet from its protective function towards the two glycosidases.
To define signals in the human protective protein important for its imtracellular transport, and to
determine the site of its association with S8-galactosidase, we have generated a set of mutated protective
protein ¢DNAs carrying targeted base substitutions. These mutants were either singly transfected into
COS-1 cells or co-transfected together with wild type human B-galactosidase. We show that all peint
mutations canse either a complete or partial retention of the protective protein precursor in the
endoplasmic reticulum (ER). This abonormal accummuniation leads to degradation of the mutant proteins
probably in this compartment. OQoly the oligosaccharide chain on the 32-kDa subunit acquires the
manngse-6-phosphate recognition marker, the one on the 20-kPa subunit seems to be mercly essential
for the stability of the mature protein. Im cotransfection experiments, wild type B-galactosidase and
protective protein appear to assemble aiready as precursors, soon after synthesis, in the ER. Mutated
protective protein precursors that are retained in the ER or pre-Golgi complex interact with and
withhold normal B-galactosidase molecules in the same compartments, thereby preventing their normal
routing.

Lysosomal protective protein has two so far identified modes of action: a catalytic
activity overlapping with that of cathepsin A (Jackman er al, 1990; Galjart e af,
1991), and a protective function towards lysosomal B-D-galactosidase (EC 3.2.1.23)
and N-acetyl-e neuraminidase (EC 32.1.18, sialidase), whose stability and activity
depend on their interaction with the protective protein (d'Azzo er al, 1982;
Hoogeveen et al, 1983; van der Horst er al, 1989). Using B-galactosidase affinity
columns the three hydrolases copurify from different tissues of various species as
complexes of variable molecular mass (Verheijen er al, 1982, 1985; Yamamoto er al,
1982, 1987). The latter have been analyzed mainly by determining the distribution of
the two glycosidase activities over high and low molecular weight forms (Hoogeveen
et al, 1983; Potier er al, 1990; Scheibe er al, 1990; Verheijen er al, 1982, 1985;
Yamamoto er al., 1982, 1987). Immunochemical detection of the protective protein in
one of these stdies revealed that the majority of the mature two-chain form is not
resolved in the complex (Hoogeveen'et al, 1983). Recently, we have demonstrated
that protective protein precursor by itself can form oligomers, probably homodimers,
of ~85 kDa at neutral pH (Zhou et al, 1991). Together these data suggest that
different pools of protective protein either associated or not associated with the two
glycosidases may exist (Galjart et al, 1991).

The primary structures of human, mouse and chicken protective proteins as
well as buman and mouse B-galactosidases have been determined from their cloned
¢DNAs (Galjart er al, 1988, 1990, 1991; Oshima et al, 1988; Morreau et al, 198%;
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Yamamoto er 4, 1990, Napba and Suzuki, 1990). The protective protein is
homologous to yeast and plant serine carboxypeptidases (for review see Breddam,
1986) and could be identical to a deamidase/carboxypeptidase released from human
platelets that has been purified as a homodimer of ~94 kDa and may function in the
Jocal (imactivation of bicactive peptides (Jackman et al, 1990; 1992). The
carboxypeptidase activity of this enzyme has been compared with that of cathepsin A
(Jackman et al, 1990). We have given direct evidence that the protective protein has
cathepsin A-like activity but this catalytic activity is separable from the protective
function towards B-galactosidase and neuraminidase, hence these two roles are
distinet (Galjart er al., 1991).

In cultured human fibroblasts biosynthetic labeling studies have shown that
the first immunoprecipitable forms of human protective protein and 8-galactosidase
are glycosylated precursors of 54 kDa and 85 kDa, respectively (d’Azzo et al, 1982).
The 54-KDa precursor is converted within one hour after synthesis into a mature two-
chain product of disulfide linked 32- and 20-kDa subunits (d’Azzo ef al, 1982, Galjart
et al, 1988; Palmeri er al, 1986). The two-chain form binds the serine protease
ishibitor DFP demonstrating that maturation serves to release the carboxypeptidase
activity (Galjart et al, 1990, 1991). The 85-kDa 5-galactosidase precursor also
undergoes extensive proteolysis giving rise to a mature form of 64 kDa. During these
steps, a 66-kDa intermediate occasionally accumulates in cultured fibroblasts that
have been treated with the protease inhibitor leupeptin (d"Azzo et al, 1982; Palmeri
et al, 1986). Curlously, human B-galactosidase cDNA, overexpressed in COS-1 cells,
directs the synthesis of the 85 kDa precursor that is secreted but hardly converted
into the mature 64-kDa lysosomal form (Oshima er al. 1988; Morreau er al, 1989).

In view of the apparently aberrant processing of human B-galactosidase in
COS8-1 cells, we wanted to assess the role played by the protective protein in the
matoration and stability of the enzyme in this systern. Furihermore, we were
interested in extending the structural analysis of the protective protein to define
domains and signals that govern its intracellular transport, processing and quaternary
structure. For these studies 2 series of in vitro mutagenized protective proteins with
targeted amino acid substitutions were overexpressed in COS-1 cells elther after
single transfections or after cotransfections with wild type human B-galactosidase. The
results show that the majority of the site-directed mutations impede the correct
routing of the protective protein o the lysosomes. Surprisingly, mutated precursors
that are withheld in the ER are able to coretain normal B-galactosidase molecules in
the same compartment. Therefore, the association of 8-galactosidase and protective
protein soon after synthesis seems to interfere with efficient transport of B-
galactosidase out of the ER and in turn with its maturation and stability in lysoscmes.

Experimental Procedures

Plasmid constructs

In vitro mutagenesis of human protective protein ¢<DNA was carried out using the metbod of Higuehi et
al (3988). DNA fragments with the desired point mutations were amplificd by PCR and cxchanged for
wild type ¢DNA segments using suitable restriction enzyme sites. In the final construct the integrity of
the DNA derived from PCR amplification was verificd by douOxc strand plasmid sequencing (Murphy
and Kavanagh, 1988). Oligonucleotides for site-directed mutagenesis were synthesized on an Applied
Biosystems 381A oligonuclectide synthesizer. All constructs were cloned into a derivative of the
mammalian expression vector pCD-X (Galjart er al 1988; Okayama and Berg, 1982), using standard
procedures (Sambrook et 2, 1989).
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COS-1 cells (Gluzman, 1981) were maintained in Dulbecco’s modified Eagle’s medium- Ham’s F10
medium (11, v/v), supplemented with antibiotics and 5% (v/v) fetal bovire serum. For biosyathetic
labeling studies cells were sceded in 30 mm dishes and grown to 30% confluency. Transfection of COS-1
cells, metabolic labeling and preparation of cell extracts and media have been carried out as described
previously (Galjart et al, 1988; Proia ef ol 1984). In both single and cotramsfections the amounts of
plassid DNA wsed were 1 pg for the various protective protem comstructs and 2 pg for the 8-
galactosidase construct. The B-hexosaminidase ¢cDNA construct, BSG, was kindly provided by Dr. R.
Proia (NIDDK, NIH, Bethesda, MD, US.A). Labeling was carried out with 60 uCi ["Hjleucine per ml
labeling medium (143 Ci/mmol, Amersham Corp.) or 100 uCi [“Plpbosphate per ml labeling medium
(carrier free, Amersham Corp.), for the time periods indicated in the legends to the figures. In
pulse-chase experiments 0.3 mg of unlabeled leucine per ml labeling medium was added to the dishes
after the 30 min pulse. The immunoprecipitation conditions using fixed Staphylococeus aureus cells
(Immunopredpitin, BRL) have been described carlier (Proia ef af, 1984). The antibody preparations used
in immunoprecipitation ¢xperiments were: the anti-protective protein antibodies, anti-54 (Galjart et al.,
1991), that recognizes all forms (54, 32, 20 kDa) of the protective protein; the anti B-galactosidase
antibodies, xd64 (Morrcau et al., 1989), that primarily precipitate the precursor polypeptide, and zné4
that was rajsed against a purified placeatal preparation of B-galactosidase and precipitate both mature
and precursor forms of the enzyme. After immunoprecipitation, radicactive proteins were resolved on
125% polyacrylamide gels under reducing and denaturing conditions (Hasilix and Newfeld, 1980), fixed
and visualized by autoradiography ([*Pllabeled samples) or fluorography (PH]leucine labeled material),
In the latier case Applify (Amersham Corp.) was used to cohance the signals.

B-galacrosidase and B-hexosaminidase activities in single and eotransfected COS-1 cells were measured
with artificial 4methylumbelliferyl substrates nsing standard assay conditions (Galfaard, 1980).

Limited proteolysis with trypsin

In order to obtam large quantities of scercted proteins COS-1 cells were transfected in 100 mm dishes.
48 br after transfection, cells were labeled in medium without fetal bovine serum. Medium samples were
collected 16 hr later, and centrifaged at 1000 rpm for 5 min ar room temperature, in order to remove
detached cells. Afterwards, bovine serum albumin (BSA, Bochringer Mannheim) was added in a final
concentration of 1 mg/ml Media were concentrated and desalted as described previously (Proia et ai,
1984). Aliquots of 60 4, corresponding to about 12.5% of the original volume, were taken and brought
to 200 g4 with 20 mM sodium phosphate pH 6.8. One sample was left as such on ice, the remainder was
incubated with 1.5 pg trypsin (Sigma) for 0, 2, 5, 10, 30 min at 37 °C. Trypsin was inactivated by the
addition of 3 ug bovine pancreas trypsin inhibitor (Sigma). In the 0 min time point the inhibitor was
added before the trypsin, The procedure used here is a modification of the one described by Frisch and
Neufeld (1981). After proteolysis 10 44 samples were taken for detection of cathepsin A-like activity with
the N.blocked dipeptide benzyloxycarbonyl-phenylalanyl-alanine (Z-Phe-Ala) as substrate. The assay was
carried out using a modified procedure {Galjart ef al., 1991) of the method of Taylor and Tappel (1573).
Liberated alanine was measured by the Huorimetric method outlined by Roth (1971). From the
remainder of the aliquots (about 150 1) radiolabeled proteins were mmmunoprecipitated using anti-54
antibodies. Proteins were resolved and visualized as described above.

Immunoelectron microscopy

Transfected COS-1 cells in 100 muxn dishes were fixed in 0.1 M phosphate buffer pH 7.3, containing 1%
acrolein and 0.4% glutaraldehyde. Further embedding in gelatin, preparation for ultracryotomy and other
methods for immunoclectron microscopy were as reported (Willemsen e al, 1986). Immunclabeling was
performed using «d64, anti-B-galactosidase antibodies mentioned above and 232, anti-protective protein
antibodies. The latter were raised against the 32-kDa denatured chain of the human protective protein
and were shown in immunoprecipilafion experiments 10 recogrize under demaruring and reducing
conditions the 54-kDa precursor as well as the 32-kDa mature subnmit of the protective protein (Galjart
et al, 1988).
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Resuits

Muutagenesis of human protective protein

We have recently described point mutations in the human protective protein cDNA,
that alter key amino acid residues within the three domains highly conserved among
the members of the serine carboxypeptidase family {Galjart er af, 1991). Two of these
amino acid substitutions, Ser,g, to Ala and His,, to Gln (henceforth called SA;, and
HQ,,), abolish cathepsin A-like activity without affecting the protective function. The
third, Cysg to Thr (Cly), impairs the transport of human protective protein out of
the ER. To investigate the role of other residues, crucial for structure and function of
the protein, additional amino acid substitutions were introduced in virro. As
summarized in Fig. 1 (upper part) the acquisiion of either one or both
oligosaccharide chains present om the human protein (Galjart et «f 1988) was
prevented by medification of Asng; to Gln (NQ;;» or NQ1) and/or Asng to Gln
(NQ,4s or NQ2). Furthermore the active site serine residue at position 150 was
changed into leucine (SL,g;) 10 determine the influence of a bulky arsino acid in that
position on the transport and activity of the protective protein.

Turnover of normal and mutant protective proteins in ransfected COS-1 cells.

To investigate the rate of synthesis and degradation of mutant protective proteins
pulse-chase experiments were carried out in transfected COS-1 cells. After
transfections, cells were Iabeled with PH]leucine for 30 min, and chased for a
maximal period of 6 h. Radiolabeled proteins from cell lysates and media were
immunoprecipitated with anti-54 antibodies. As shown in Fig. 1 (lower part),
processing of the 54 kDa wildwype precursor into the 32/20-kDa two-chain form is
detected after 30-60 min chase (Fig. 1, wt(se}, lanes 1-5). The majority of the
overexpressed precursor, however, is secreted into the culture medium, where it is
visible already at 30 min chase. Extracellular accumulation of radioactive material
reaches a maximurn level at 3 h and declines after 6 h, indicating that either some
degradation or partial reinternalisation of the precursor has taken place.

The three glycosylation mutants, NQy;,, NQyc and NQy,54, are synthesized
as precursors of the expected reduced size with respect to the normal precursor (Fig.
1, panels NQI1, NQZ, NQ1&2). Tunicamycin treatment of transfected COS-1 cells
prior to and during labeling revealed that the protein moieties of wild type precursor
and glycosylation mutants have an identical electrophoretic mobility (not shown).
Deletion of the first oligosaccharide chain on residue 117 prevents proteolytic
processing of the mutant precursor, but does not impair its secretion (Fig. I, NQIL,
lanes 1-5). Release into the mediumn of the NQ,,-precursor seems to be more gradual
than that of wildtype precursor and no decline is visible after 6 h chase. This suggests
that, once secreted, NQ,,; is stable and not endocytosed. The NQgp-mutant instead is
processed into a 32/18-kDa two-chain form and is apparently cleaved at the correct
site. In this case maturation is followed by degradation of the aberrant mature protein
(Fig. 1, NQZ, lanes 1-5). Thus, either the absence of the oligosaccharide chain on the
20-kDa subunit is deleterious for the stability of the mature form or it is the amino
acid substitution per se that causes this instability. Secretion of NQgy is delayed in
comparison to wildtype and NQ,,-precursors and the amount of immunoprecipitable
material is reduced. Kinetics and degree of secretion of NQy» and NQy-mutants
suggest that both precursors are in part withheld in an early biosynthetic
compartment. This effect is apparently additive since the double glycosylation mutant
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Fig. 1 Puise-chase analysis of overexpressed wildtype and mutant protective proteins. Upper part: the
preproform of human protective protein is represented by the bar with the hatched part being the signal
sequence. The position and sequence of three domains, highly conserved in serine carboxypeptidases, are
shown above the bar. The asterisks indicate the two glycosylation sites. Single amino add substitutions
are depicted with numbers referring to the position of these residues within the protective protein. Lower
part: COS-1 ¢ells were transfected with pCD-~constructs containing the various (mutant) cDNAs: wi(se)
and (a) represent human protective protein cDNA cloned in the sense and antisense orientation
respectively. Transfected cells were labeled for 30 min with PHJlcucine and chased for the periods of
time indicated above the lanes. Labeled proteins were immunoprecipitated from cell extracts and media
with ant-54 antibodics, separated by SDS-PAGE under reducing cooditions and visualized by
fluorography. Molccular sizes of precarsor and mature polypeptides arc at left. The arrowhead indicates
the position of the 18 subunit of the NQ,,, mutant protective protein. Exposure times of the fluorographs
were: wi(se), 8 days; NQ1, NQ1&2 CT, SL, 4 days; NQ2, wt(a), 20 days, all media samples, 2 days.

89



is not detected in the culture medium. Instead it is slowly degraded after synthesis
without undergoing any processing (Fig. 1, NQ1&2, lanes 1-5).

A similar fate is observed for the CTy- and SL,g- proteins, yet in the latter
case small quantities of the mutant precursor polypeptide escape to the culture
medium after 3-6 h chase (Fig. 1, CT and SL, lanes 1-5). Processing of endogenous
COS-1 protective protein can be visualized after a2 prolonged exposure of the
fluorograph (Fig. 1, wi(a), lanes 1-5). Intracellularly, its maturation pattern is similar
10 that observed for wildtype human protective protein, but no immunoprecipitable
form is recovered from the culture medium.

Phosphorylation

To determine which of the two cligosaccharide chains on buman protective protein
acquires the mannose-6-phosphate (M6P) recognition marker transfected COS-1 cells
were labeled with [*Plphosphate. Radiolabeled proteins from cell homogenates and
media were immunoprecipitated as above. For comparison ¢DNAs encoding mouse
protective protein (Galjart er al, 1990} and a human-chicken hybrid protective protein
(Galjart ef al, 1991) were also transfected. As shown in Fig. 2, both the precursor
polypeptide as well as the 32-kDa chain of human and mouse protective proteins
incorporate the label (Fig. 2. lanes 1 and 2). The anti-54 anubodies
immunoprecipitate mouse protective protein less efficiently. The same holds true for
the human-chicken hybrid, of which only the 58-kDa precursor form is brought down
by the antibodies under the experimental conditions used (Fig. 2, lane 3). Of the
three glycosylation mutants only NQyy is phosphorylated and in part processed (Fig.
2, lanes 7-9), indicating that loss of the sugar moiety on the 20-kDa polypeptide does
not influence the phosphorylation process. A notable difference is now detected
between CTg- and SL sy-mutant precursors: the latier is phosphorylated and secreted
in tiny quantities into the culture medium (Fig. 2, lanes 4 and 5). The faint 54- and

32-kDa bands visible throughout the autoradiograph represent endogenous COS-1
protective protein.

Limited proteolysis of secreted wildtype and murant protective proteins with trypsin.

We have previously demonstrated that the nermal endoproteolytic processing of the
wild type precursor, secreted by transfected COS-1 cells, can be mimicked by trypsin
and yields a mature two-chain enzyme (Zhou er al, 1991), whose big subunit binds
radiolabeled DFP {not shown). We have now extended these experiments to
determine the influence of the deletion of either of the two oligosaccharide chains on
the stability and/or activity of the protective protein/cathepsin A. Radiolabeled
COS-1 cell-derived precursor samples were aliquotted and each aliquot incubated
with a fixed amount of trypsin for increasing periods of time. Reactions were stopped
by the addition of trypsin inhibizor. Afterwards cathepsin A-like activity was measured
in each aliquot followed by immunoprecipitation with anti-54 antibodies. As shown in
Fig. 3, wypsin digestion of wildtype human protective protein precursor gives rise to a
two-chain product with constituent polypeptides of about 32 and 20 kDa. This protein
is resistam to further trypsin digestion up to 30 min at 37 "C (Fig. 3, lanes 1-6).
Concomitant with the appearance of the two-chain product there is a sharp increase
in cathepsin A-like activity, which declines only after 30 min. The first cleaved
bond(s) is highly trypsin-sensitive, since even at t=0 small amounts of precursor
protein are converted (Fig. 3, lane 2). The residual cathepsin A-like activity in the
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Fig. 2. Phosphorylation of transiently expressed protective profeins. COS-1 cells were transfected with the
pCD-constructs deseribed in Fig. 1 as well as with two expression plasmids containing the ¢DNAs
encoding mouse protective protein (Mo) and a human-chicken hybrid protective protein (HCh). Two
days after tramsfoction cclls were labeled with [¥P] phosphate and radiolabeled proteins were
immunoprecipitated from cell lysates and media using anti-54 antibodics. Molecular sizes of precursor
and maturc polypeptides are indicated at left, Exposure time of the autoradiograph was one day.

aliquot that was not treated with trypsin (Fig. 3, lane 1) is due to the presence of
some processed protective protein, madvertently generated while manipulating the
culure medium.

Surprisingly, the secreted and cleaved NQ,,,-mutant is as resistant to further
trypsin digestion as wildtype precursor (Fig. 3, lanes 7-12). The generated two-chain
product with a large subunit of about 30 kDa and a normally sized 20-kDa subunit, is
active but cathepsin A-like activity is about one third compared to wild type cleaved
precursor aliquots. Deletion of the second oligosaccharide chain instead has a drastic
effect on protease resistance (Fig. 3, lanes 13-18). Cleavage of the NQy-mutant
precursor with trypsin initially gives rise to a two-chain product with subunits of about
32 and 18 kDa. Along with the appearance of the two-chain product a very low
cathepsin A-like activity can be detected, but both immunoprecipitable material as
well as enzymatic activity disappear upon prolonged trypsin treatment. These results
correlate well with the pulse-chase experiments presented earlier. Both types of study
indicate that once an NQg-mature protein is formed it is unstable.
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Fig. 3. Limited proteoiysis with trypsin or normal and selected rmutant human protective profein precursors.
COS-1 <clls were transfected with pCD-constructs encoding wildtype human, NQI1- or NQ2- mutant
proteciive proteins. After transfections, radiolabeled secreted proteins were concentrated, using 1 mg/mi
BSA as carrier. Aliquots of the conceatrated preparations were incubated at 37°C with 2 mg trypsin for
the indicated periods of time. Reactions were stopped with trypsin inhibitor. Cathepsin A-like activity
towards the acylated dipeptide Z-Phe-Ala was measured in a part of each aliquot. One milliunit of
activity is defined as the enzyme activity that releases one picomole of alanine per min. The remainder of
the samples were used for immunepredpitation using anti-34 antibodics. Molecular sizes of prestaimed
protein standards are indicated to the left of each panel. Exposures were: left panel 4 days; middle panel
and night panel 28 days.

Localization of mutant luman protective proteins.

In order to correlate the turnover of the different mutant protective proteins with a
subcellular compartment, immunoelectron microscopy was carried out on transfected
COS-1 cells. Ultrathin sections of these cells were probed with antibodies against the
denatured 32 kDa subunit of human protective protein (anti-32 antibodies), followed
by an incubaton with goat and-(rabbit IgG)-gold. Previously we have shown that in
COS-1 cells wildtype human protective protein compartmentalizes in structures
corresponding to rough ER (RER), Golgi complex and lysosomes. Fig. 4 shows that
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Fig. 4 Localization of overexpressed mutant protective proteins. COS-1 cclls, transiently transfected with
pCD-SL, (A), -NQ,(B), or -NQ,(C, D), were fixed 72 hr after transfection, embedded and prepared to
mmunoelectron microscopy. Cryosections were incubated witk anti-32 antibodies followed by goat anti-
(rabbit 1gG)-gold labeling. The SL,,- and NQ- mutant proteins are only detected in rough endoplasmic

reticulum structures (R), whereas the NQ,-muzant is also detected in low amounts in the Golgi complex
(G) and lysosomes (L), Bars, 0.1 pm.



COS-1 cells wansfected with SL;- or NQ,,-mutant ¢DNAs are labeled almost
exclusively in RER structures and not in the Golgi complex or Iysosomes (Fig. 4A and
B respectively). The same results were obtained with cells overexpressing the double
glycosylation mutant (not shown). Thus, degradation of, SLig- and NQup 56
precursors is likely to occur within the ER. In cells overexpressing the NQyemmutant
protein instead some labeling above background is observed in Golgi complex as well
as in lysosomes (Fig. 4C, D). This indicates that the NQ,-mutant protein reaches the
lysosome, where it is subsequently processed and degraded.

Maturation of human f3-galactosidase precursor in cotransfected COS-1 cells

It was shown previously that in COS-1 cells, transiently expressing human B-
galactosidase, the 85-kDa precursor was poorly processed into the mature 64-kDa
polypeptide {Oshima et ol, 1988; Morreau e al, 1989). The lack of processing was
thought to be due to the transfection procedure. However, it is also conceivable to
assume that the amount of endogenous protective protein available in COS-1 cells is
not sufficient to stabilize the bulk of overexpressed B-galactosidase molecules. To
further investigate the role played by the protective protein in the maturation and
stability of B-galactosidase in COS-1 cells, single and cotransfections were performed
using both buman B-galactosidase (HBGal) and protective protein (HuS4) ¢DNA
consiructs. In the same experiment we also tested whether any of the site directed
mutagenized protective proteins with an altered subcellular distribution (i.e. CTgy
SLse; 32020) or catalytic activity (i.e. SA  HQqm), would influence 8-galactosidase
intracellular behaviour. The biochemical characteristics of muzant SA o, HQy,,. CTy,
and 32020 have been described in an earlier report (Galjart et al, 1991).

Single and cotransfected cells were labeled with [*H]leucine and radiolabeled
proteins from cell lysates were immunoprecipitated using two different anti-B-
galactosidase antibodies: «d64 and an64 (see Experimental Procedures). As seen in
Fig. 5 (lanes 1 and 11), in cells tramsfected with only B-galactosidase ¢DNA ad64
preferentially recognize the precursor polypeptide, whereas anf4 have a broader
specificity and precipitate both precursor and mature forms of the enzyme. However,
the latter is detected in relatively little amounts and is only partially processed into an
intermediate 66-kDa form. A similar immunoprecipitation pattern is observed in cells
cotransfected with HBGal. ¢DNA and an antisense Hu54 construct (Fig. 5, lanes 8
and 18). In contrast, cells cotransfected with both B-galactosidase and wildtype
protective protein ¢cDNAs (Fig 5, lanes 2 and 12) contain a sharply increased amount
of mature and fully processed 64-kDa polypeptide. This is regardless of the type of
antibodies used, although the @né4 preparation shows a better affinity for the mature
protein. Thus, coexpression of the two wildtype human proteins in COS-1 cells seems
to facilitate the maturation of the B-galactosidase precursor and/or to stabilize the
mature enzyme in lysosomes.

Early association of f-galactosidase precursor with wildtype and mutant protective
proteuns

Another interesting finding emerged from the experiment discussed above. In
cotransfected COS-1 cells the protective protein precursor appears to coprecipitate
with B-galactosidase using both d64 and ené4 antibody preparations (Fig. S5, lanes 2
and 12). Given the monospecificity of the antibodies, coprecipitation of the two
proteins must be the result of their association that apparently takes place at
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Fig. 5. Early association of human B-gelactosidase with various mutant protective proteins. COS-1 cells
were either singly or cotransfected with HBGal and different HuS4 ¢cDNA constructs (fanes 1-20) in
sense(se) or antisense(a) orientations. The protective protein constructs indicated are wildtype HuS4(wt),
SA(SA), HOL(HQ), CTW{CT), SL.,(SL), and 32(A20)(A), all cloned in the sense orientation. Cell
lysates were immuroprecipitated with either «d64 or @n64 anti B-galactosidasc antibodics. Molecudar
weights arc indicated. Exposure time was 7 days.

precursor level. Under the stringent immunoprecipitation conditions used, the mature
two-chain protective protein does not coprecipitate with B-galactosidase, although it is
normally present, as confirmed by a subsequent round of immunoprecipitation of the
same samples with anti-54 antibodies (not shown). Similar results were obtained with
COS8-1 cells coexpressing B-galactosidase, and the SA g~ or HQ,.,- protective protein
mutants (Fig. 5, lanes 3, 4 and 13, 14). The latter are active site mutants thar,
expressed in COS-1 cells, were shown to be transported intracellularly and secreted in
a mode identical to the wildtype protective protein (Galjart ef al, 1991). As clearly
seen in Fig. 5, the two mutant precursors are still able to associate with 8-
galactosidase precursor and are coprecipitated with both antibody preparations (lanes
3, 4 and 13, 14). Furthermore, in these cotransfected samples B-galactosidase
precursor is fully processed into the mature 64-kDa form (lanes 13, 14).

Coexpression of B-galactosidase with the CTgy-, SLyg- and 32020 protective
protein mutants also leads to coprecipitation of these mutant proteins with both anti
B-galactosidase antbodies (Fig 5, lanes 3-7 and 15-17). However, in these
cotransfections maturation of B-galactosidase appears greatly reduced, and only a
small amount of the intermediate 66-kDa polypeptide is immunoprecipitated with
an64 antibodies (lanes 15-17). A notable difference between these three protective
protein mutants and the active site mutants is that the former are retained in the ER.
Therefore, these results suggest that a correct intracellular compartmentalization of
the protective protein is a prerequisite for B-galactosidase to be present in its mature
state. Furthermore, the association between the two proteins that occurs already as
precursor level does not seem to be hampered by the various amino acid substitutions
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Fig. 8 Immunoclectron microscopy colocalzation of f-galactosidase and protective proteins in cotransfected
COS-1 cells. COS-1 cells were cotransfected with HBGal(se) ¢DNA and wildtype HuoS4 (insct), or SLy,
protective protein constructs, Ultrathin sectons of cotransfeeted cells were probed with a combination of
«d64 and =32 antibodics followed by incubation with goat anti-(rabbit IgG) coupled to gold particles of
large size for B-galactosidase antibodics and small size for protective protein antibodies. Cells
coexpressing the two wildtype protetns show a colocalization of B-galactosidase and protective protein in
lysosomes: L (inset). In cells cotransfected with HBGal. and SLys-constructs the gold particles are largely
confined 1o the rough endoplasmic reticulum (R)/pre-Golg complex (G)- Bar, 0.1 pm.
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generated within the protective protein molecule.

' The improved maturation and/or stability of B-galactosidase, coexpressed
with wildtype protective protein, is reflected in the clear increase in enzymatic activity
measured in cotransfected COS-1 cells (Fig. 6, L{se)/WT). Again the SA;- and
HQ,,- proteciive protein mutams have an effect on B-galactosidase activity
comparable 1o that of the wildtype protective protein. The same holds true for the
mouse protective protein (Mo354) and the human/chicken hybrid protein (HCh1).
However, in cells cotransfected with the CTg-, SL- and 32:20 (o} protective
protein mutants the level of enzymatic activity is similar to that detected in cells
expressing only B-galactosidase (L(se)). In the latter case the activity is clearly higher
than the endogenous COS-1 level, measured in cells transfected with an antisense B-
galactosidase construct (L(a)). This activity is probably due to the small amount of
mature B-galactosidase present in celis transfected with only B-galactosidase construct
or cotransfected with the Clg-, SLig- and 32020 protective protein mutants. In all
samples B-hexosaminidase activity was determined as a reference enzyme.

To exclude that coprecipitation of B-galactosidase and protective protein
precursors is not merely caused by overexpression of these proteins, COS-1 cells were
cotransfected with BBGaL cDNA and a construct, 8SG, encoding the 8-subunit of the
soluble lysosomal enzyme S-hexosaminidase (Proia, 1988). As shown in Fig. 7, after
immunoprecipitation with ad64 antibodies, B-hexosaminidase is not coprecipitated
with B-galactosidase precursor (lanes 2 and 3), although it is expressed in a
comparable amount (lane 4). Likewise, anti B-hexosaminidase antibodies {aHex) do
not coprecipitate B-galactosidase. An increased amount of mature B-galactosidase is
again observed in COS-1 cells cotransfected with HBGaL and Hu34 ¢DNA constructs
in comparison with COS-1 cells cotransfected with HBGaL and BSG constructs (Fig.
7, lanes 2 and 3). No endogenous COS-1 proteins are 1mnunoprec1pnated from cells
transfected with antisense constructs (Fig. 7, lane 1).

Localization of f-galactosidase and protective protein in cotransfected cells.

In order to determine the intraceliular distribution of B-galactosidase precursor in
cotransfected cells immunoelectron microscopy studies were performed (Fig. 8).
Ultrathin sections of these cells were prebed with anti-32 and od64 antibodies
followed by an incubation with goat anti-(rabbit IgG) coupled to gold particles of
different sizes. In cells cotransfected with HBGaL and Hu54 ¢DNA constructs a clear
colocalization in lysosomes is observed of both B-galactosidase (large gold particles)
and protective protein (small gold particles) (Fig 8. inser). However, in ceils
cotransfected with HBGaL and SL o -protective protein constructs B-galactosidase is
mainly retained together with the mutant protein in the ER/pre-Golgi compariment
(Fig. 7). Only a few gold particles are present throughout the Golgi stacks, that could
give rise to the small amount of partially processed B-galactosidase seen in the
aforementioned immunoprecipitation studies. These data confirm that B-galactosidase
and protective protein precursors interact soon after synthesis in the ER, and imply
that this event might regulate the efficiency by which 8-galactosidase molecules are
transported out of this compartment to the lysosomes.
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Discussion

We have analyzed the intracellular transport, processing and secretion of protective
proteins carrying targeted amino acid substitutions in order to get insight in the
conformational characteristics of normal precursor and maiure proteins. Furthermore,
we have studied the interaction between these protective proteins and B-galacrosidase.

The results show that all amino acid substitutions interfere with or impair
completely the exit of the different mutant proteins from the ER. These findings are
in contrast to the behaviour of two protective protein active site mutants. SAq, and
HQ,,,, described carlier (Galjart er al 19913, whose biosynthesis and processing
resemble completely that of the wildtype protein. After synthesis the ER-retained
mutant proteins are degraded. Their turnover is not as rapid as the degradation of the
T cell receptor a-chain (Lippincott-Schwartz er o 1988), but it compares well to the
mrnover rate of a natural mutant of the e-subunit of lysosomal B-hexosaminidase
(Lau er af 1989). Although different amino acid substitutions could well result in
differential folding of the various mutant precursors, the observed degradation rates
seem quite similar. The SLig-mutant is even phosphorylated, albeit poorly, indicating
that part of the total pool of synthesized molecules reach a pre-Golgi site where the
first phosphorylation step is thought to occur (Lazzarino ef af, 1988). Some of the
phosphoryiated molecules are allowed to leave the ER, as judged by the detection of
small quantities of SL s-precursor in the culture medium, The other part could be
specifically retrieved from a post-ER compartment (Pelham 1989).

A large amount of Iabeled human precursor protein is secreted instead of
being transported to the lysosomes. This is not uncommon for overexpressed
lysosomal enzymes; it has for example been found for the e-subunit of human 8-
hexosaminidase in transfected COS-1 cells (Lau er al, 1989), for human cathepsin D
in baby-hamster kidney cells (Horst ef al, 1991; Isidori er al, 1991) and for mouse
cathepsin L, which is the major excreted protein (MEP) in transformed mouse
fibroblasts (Dong er al, 1989). It has been suggested that different protein sorting
systerns are present, that target lysosomal enzymes to their final destination with
variable efficiency (Horst er al, 1991; Isidoro er al, 1991).

NQ,; and NQgy- glycosylation mutants are secreted in reduced amounts
compared to wildtype protective protein, a fact that is explained by their partial
intracellular retention. Assuming that an Asn to Gln amino acid substitution have
little influence on the three dimensional structure of the protective protein, we can
ascribe the following potential functions to the two oligosaccharide chains: 1) both are
important for the timely exit of protective protein precursors from the ER; 2) the
chain on the 32-kDa subunit is necessary and sufficient for the acquisition of the
M6P-recognition marker; it is not required for the stability of the mature two-chain
protective protein that is nonetheless less active than the wildtype protein; 3) the
chain on the 20-kDa subunit is crucial for the stability of the mature form. The latter
supposition is substantiated both by the pulse-chase experiments as well as by the
limited proteolysis with trypsin. In addition to what we observe experimentally, the
position of the oligosaccharide chain on the 20-kDa subunit, near the 32/20-kDa
boundary and its location within a conserved stretch of amino acid residues, might
also imply a specific role for this sugar chain. Combined the findings indicate that it
could actually serve as an age marker for the protective protein {Segal er al 1984:
Winkler er al, 1984). In this model its stepwise trimming by glycosidases in the
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lysosome would render the mature protective protein increasingly unstable.

Limited proteolysis of the wildtype protective protein precursor with trypsin
readily gives rise to a mature two-chain molecule, that is rather resistant to further
cleavage. From the size of the generated 20-kDa fragments it seems as if both the
imitial intracellular endoproteolytic processing as well as the trypsin cleavage take
place within the same domain, perhaps even after the same residue. The results
indicate that a region is present in the precursor molecule that is very sensitive to
proteolysis and it will be of interest to determine whether other enzymes could cleave
within the same domain. If so one could imagine that the conversion of protective
protein to its mature form could occur in an extraceliular environment by circulating
proteases. This supposition might be relevant in view of an interesting finding made
by Erdds and coworkers. These authors have identified a deaminidase in human
platelets and smooth muscle cells, probably identical to the protective protein, that
inactivates a number of bioactive peptides, including endothelin I, and is homodimeric
in its native state (Jackman er af, 1990, 1992).

Recent studies have demonstrated that the protective proiein also dimerizes
at precursor level and neutral pH, suggesting that this event takes place in an early
biosynthetic compartment (Zhou et al, 1991). Oligomerization could be a requirement
for timely exit of the precursor out of the ER. This hypothesis is supported by the
observation that a natural mutant of the protective protein fails to form dimers and is
largely retained in the ER (Zhou et a} 1991). On the other hand human 8-
galactosidase, the second component of the complex, overexpressed in COS-1 celis is
only in part routed to the lysosomes and is poorly processed into the mature form
(Oshimz er af, 1988; Morreau er @, 1989). In relation to this observaton it is
noteworthy that in galactosialidosis fibroblasts, which are compleiely devoid of the
protective protein, B-galactosidase can reach the lysosomes. Its proteolytic processing
in these cells is, however, clearly delayed compared to normal fibroblasts (d’Azzo et
al, 1982). We have now evidence that coexpression of the protective protein and B-
galactosidase in COS-1 cells leads to accurnulation of the mature and fully processed
B-galactosidase polypeptide. Unexpectedly, protective protein and B-galactosidase
Precursors appear to associate at an early stage of biosynthesis, indicating that their
assembly is not restricted to the lysosomal environment. Whether monomeric B-
galactosidase interacts with protective protein dimers is still unclear.

The advantage of the association event for B-galactosidase could be similar to
that for the protective protein: it might facilitate the exit of the precursor polypeptide
out of the ER and in turn stabilize the mature enzyme in lysosomes. This assumption
is substantiated by the finding that some in vitro mutagenized protective proteins,
retained in the ER, prevents efficient lysosomal targeting of B-galactosidase. These
findings could have important consequences for the interpretation of the molecular
events in galactosialidosis and perhaps even Gy -gangliosidosis. Natural mutants of
the protective protein could exist that retain a large part of the B-galactosidase
precursor pool in the ER, thereby causing an additional negative effect on its
lysosomal activity. Viceversa, there might be mutations in the B-galactosidase protein
that influence the intraceflular transport and processing of protective protein. Finally
the early assembly of B-galactosidase and protective protein in normal cells could
create pools of free and assembled molecules that are committed to different
functions already at an early stage and could potentially be targeted differentially
according to the respective functions. It needs to be further investigated to what
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extend and in which stoichiometry association occurs in normal cells and tissues.
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SUMMARY

The isolation and characterization of the ¢DNAs as well as the genes encoding
lysosomal enzymes have greatly facilitated smdies on their primary structures,
intracellular tranmsport and enzymatic characteristics. Furthermore it allowed the
identification of genetic lesions that affect cither the synthesis or the biochemical
properties of the enzymes and in turmn lead to lysosomal storage disorders.

This thesis focusses on the structural and functional analysis of acid B-
galactosidase starting with the idemtification and characterization of its ¢DNA and
gene, followed by new insights on the intracellular transport of this enzyme and its
assembly with the protective protein. Chapter I gives an overview of the
characteristics of transcriptional ¢lements of genes encoding lysosomal emzymes. In
accordance with their ubiquitous distribution in various tissues, the promoters of most
lysosomal genes have characteristics of "housekeeping” gene promoters: they are rich
in G and C nucleotide residues, have features of CpG-islands, contain SP1 binding
sites and lack the conventional TATA and CCAAT boxes. In spite of these features, a
number of lysosomal enzymes have been showm to function in tghtly regulated
processes which may call for a controlled gene expression. A few examples are given,
where regulation of transcription of lysosomal genes might occur. Chapter I ends with
a discussion on the occurrence of alternative splicing of pre-mRNAs encoding
lysosomal proteins.

The experimental work discussed in chapter IL is preceded by an introduction on
the lysosomal storage disorders characterized by an isolaled or combined 8-
galactosidase deficiency and on the biochemical feamures of the enzyme itself,
Mutations at the B-galactosidase structural locus cavse the lysosomal storage disorders
Gyn-gangliosidosis and Morquio B syndrome; a combined deficiency of B-
galactosidase and neuraminidase due 10 a primary defect of the protective protein is
found in the disorder galactosialidosis. The climical manifestations in patients with
these genetic diseases are heterogeneous, ranging from severe infantile to milder
juvenile and adult forms. Lysosomal B-galactosidase hydrolyses non-reducing terminal
galactose moieties from glycoproteins, glycolipids and glycosaminoglycans. In normal
cultured fibroblasts the enzyme is synthesized as a precursor protein of 85 kDa, that
is subsequently cleaved in lysosomes into a 64-kDa matre form. Using an affinity
chromotography matrix, B-galactosidase can be purified together with the protective
and under certain experimental conditdons with N-acetyl-a-neuraminidase. It is
apparent that these three glycoproteins associate, since they have been shown to
depend on ¢ach other for their intralysosomal stability and full enzymatic activity.
Although they probably form a functional complex in lysosomes, the stoichiometry of
this complex is not yet understood.

Publication 1 describes the isolation of two different cDNA molecules. The first
encoding the classic lysosomal B-galactosidase recognizes a mRNA of 2.5 kb in total
RNA preparations from normal fibroblasts. The expression of this transcript differs
considerably in RNA preparations from clinically distinet Gy, -gangliosidosis patients.
Anzlysis of the predicted amino acid sequence has revealed that the B-galactosidase
precursor contains sevenm potential N-linked glycosylation sites, five of which are
present at the C-terminus. From the location of the chemically determined N-terminal
sequence of the mature 64-kDa polypeptide we could deduce, that the substantial
proteolytic processing of the 85 kDa B-galactosidase precursor observed in human
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fibroblasts as well as in mouse kidney cells and macrophages occurs exclusively at the
C-terminus.

The second ¢DNA molecule derives from alternmatively spliced B-galactosidase
pre-mRNA. This trapscript of 2.0 kb is only visible in immunoselected polysomal
RNA. The region of the human pre-mRNA undergoing alternative splicing is encoded
by exon H-VII of the B-galactosidase gene. The alternatively spliced mRINA. encodes
for a B-galactosidase-related protein that has a different subcellular distribution than
the classic enzyme and lacks enzymatic activity towards synthetic substrates. A similar
B-galactosidase-related protein can not be encoded by the mouse gene, since the
reading frame of a putative alternatively spliced message would contain several stop
codons and give rise to a truncated polypeptide.

Analysis of the gene encoding human lysosomal B-galactosidase {publication 2)
taught us that it contaims 16 exons and spanms over 625 kb of genomic sequences.
Promoter activity has been narrowed to a 236 bp fragment containing GC-rich
stretches and several SP1 transcription elements. These characteristics of the
promoter as well as the multiple cap sites of the B-galactosidase mRNA. classifies it in
the group of housekeeping gene promoters. Most strikingly A second fragment of 851
bp, located upstream from the first, negatively regulates injtiation of transcription.

The identification of the mutation in the B-galactosidase gene present in both
alleles of two sibs with the severe infantile form of G,-gangliosidosis is presented in
publication 3. The mutation comnsists of a T nucleotide insertion immediately after the
GT dinucleotide of the splice donor site of intron 1. In total RNA samples of these
patients two aberrant transeripts (1 and 2) have been identified containing a 20
nucleotide insertion derived from the 5* end of intron 1. Furthermore, in transcript 2
sequences encoded by exon II are deleted. Apparently, the T nucleotide insertion may
lead to an aberrant splicing mechanism, due to the preference for a cryptic splice site
present in intron 1,

The isolation and characterization of the ¢DNA encoding the protective protein
have shown that this protein is homologous to yeast and plant serine
carboxypeptidases. In fact, it closely resembles a previously characterized lysosomal
enzyme cathepsin A, and is identical to a deamidase/carboxypeptidase isolated from
human platelets, that is involved in the local (in)activation of bioactive peptides. In
publication 4 we present evidence that the protective protein has indeed cathepsin A-
like activity and this activity is severely deficient in fibroblasts from clinically different
galactosidosis patients. Furthermore, using site-directed mutagenesis, we have
demonstrated that the protective function towards B-galactosidase and neuraminidase
is distinct from the catalyric activity and the latter can be exerted outside the
complex. A number of targeted base substitutions in the protective protein cDNA,
described in publication 4 and 5 has allowed us to study the intracellular transport
znd biochemical characteristics of these mutant proteins im comparison with the
wildtype protective protein. Furthermore, both mutants and wildtype protective
proteins have been used in cotransfection experiments to study their site and mode of
interaction with normal B-galactosidase. Surprisingly, we have found that wildtype B-
galactosidase and protective protein associate as precursors already at the level of the
endoplasmic reticulum. A remarkable finding was that most of the mutated protective
proteins that are aberrantly retained in the endoplasmic reticulum or pre-Golgl
complex are able to withhold B-galactosidase molecules and prevent their mormal
intraceltular routing.
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SAMENVATTING

De isolatic en karaktenisering van cDNA’s die coderen voor lysosomale enzymen
hebben de mogelifkheid tot onderzoek naar hun primaire structuur, intracellulair
transport en enzymatische werking verbreed. Voorts kunnen de genetische mutaties in
kaart te gebracht worden die de normale functe van deze eiwitten verstoren en
dientengevolge leiden tot lysosomale stapelingsziekten. Het werk in dit proefschrift is
gericht op structurele en functionele analyse van het lysosomale, zure B-galactosidase
enzym beginnend met de identificatie en karakterisering van het 8-galactosidase
¢DNA en gen. Het eindigt met nieuwe inzichten in het intracellulair transport en
assemblage van dit eiwit met het protective protein

Hoofdstuk I geeft een overzicht van de kenmerken vam transcriptie elementen van
genen die coderen voor Iysosomale enzymen. In overeenstemming met de
wijdverbreide distributie van deze enzymen in weefsels hebben de meeste promoters
van de lysosomale genen de kenmerken die gevomden worden voor de expressic zgn.
huishoudgenen: het frequent voorkomen van G and C nucleotiden in zogenaamde
CpG-eilanden. Bovendien bevatten ze SPl-bindipgsplaatsen en zijn de TATA en
CCAAT elementen, kenmerkend voor weefsel specifiek geexpresseerde genen, veelal
afwezig. Ondanks deze karakteristicken is een aamal lysosomale enzymen betrokken
bij streng gereguleerde processen, hetgeen een gecontroleerde genexpressie zou
kunnen vereisen. Hiervan worden verschillende voorbeelden gegeven. Hoofdstuk I
eindigt met een discussie over het voorkomen van "ahernatieve splicing” van
voorloper mRNA. moleculen, die coderen voor lysosornale enzymen.

In hoofdstuk II gaat aan het experimentele werk een introduktic betreffende de
lysosomale stapelingsziekten vooraf, die worden gekennmerkt door een geisoleerd of
gecombineerd defect van het enzym B-galactosidase. Mutaties inm het genlocus,
coderend voor B-galactosidase zijn de oorzaak van de lysosomale stapelingsziektes
Gyy-ganghiosidose en Morquio B syndroom. Een gecombineerde deficiéntie van B-
galactosidase en neuraminidase is het gevolg van een primair defect vam het
protective protein, hetgeen gevonden wordt bij de ziekte galactosialidosis. De
Klimische verschijnselen bij pati€nten met deze genetische aandoeningen zijn wisselend
en variéren van ernstig infantiele tot milde juveniele en adulte vormen. Lysosomaal B-
galactosidase is veramtwoordelijk voor de hydrolyse van niet reducerende terminale
galactose groepen van glycoproteinen, glycolipiden en glycosaminoglycans. In
gekweekte normale fibroblasten wordt het enzym aangemaakt als een voorloper eiwit
met een molekuul gewicht van 85 kDa wat wordt omgezet in een enzymatisch actieve
eindvorm van 64 kDa. De enzymatische kant van het B8-galactosidase is uitgebreid
bestudeerd in de afgelopen 10 jaar. Daarbij bleek o.a. dat het "protective protein”
meeznivert met B-galactosidase en onder specificke experimentele condities ook met
N-acetyl-a-neuraminidase. Deze drie glycoproteinen zijn voor hun stabiliteit en
optimale enzymatische activitelt in het lysosoom van elkaar afhankelijk. Hoewel het
duidelijk is dat zij een functiomeel complex vormen in de lysosomen is de
stochiometrie van dit complex nog niet bekend.

In publicatie 1 wordt de isolatie van twee verschillende cDNA-moleculen
beschreven. Het eerste ¢DNA codeert voor het klassieke lysosomale B-galactosidase
en herkent een boodschapper RNA van 2.5 kb in RNA preparaties afkomstig van
normale fibroblasien. De mate van expressie van dit transcript verschilt aanmerkelijk
in fibroblasten van verschillende, klinisch heterogene Gy -gangliosidose patiénten. De
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analyse van de voorspelde aminozuur sequentie laat zien dat de voorioper van matuur
B-galactosidase zeven mogelifke "N-linked" glycosyleringsplaatsen heeft, waarvan er
zich vijf bevinden in bet C-terminale eind. Op basis van de chemisch bepaalde N-
terminale aminozuur sequentie van het mature B-galactosidase, kan worden
geconcludeerd dat de uitgebreide maturatie van het 85 kDa B-galactosidase voorloper
eiwit zoals werd gezien in humane fibroblasten, muis miercellen en macrophagen,
vrijwel uitsluitend plaatsvindt in het C-terminale gedeelte van het eiwit. Het tweede
cDNA komt voort uit alternatief "gespliced" B-galactosidase voorloper-RNA. Het
gedeelte van dit molecuul dat betrokken is bl de alternatieve "splicing” wordt
gecodeerd door exon II tot VI van het B-galactosidase gen. Dit tweede transcript van
2.0 kilobase kan =zichtbaar worden gemaak: na analyse van, met antilichaam
geselecteerd polysomaal RNA en codeert voor een wat wij het B-galactosidase
gerelateerd eiwit noemen. Dit efwit heeft ecen andere subcellulaire distributie dan het
klassieke lysosomale B-galactosidase en vertoonmt geen enzymatisch activiteit voor
omzetting van synthetische B-galactoside substraten. De analyse van  het
overeenkomstige muize B-galactosidase gen leerde onms, dat een identieke alternatieve
"splicing” van muis voorloper-RNA nooit zal kunnen leiden tot een muis B-
galactosidase-gerelateerd eiwit, aangezien het open leesraam in het RNA
onderbroken is. De analyse van het gen dat codeert voor humaan lysosomaal B-
galactosidase leerde ons dat het 16 exonen bevat en zich uitstreke over meer dan 625
kb genomisch DNA. De promoter bevindt zich op een fragment van 236 bp dat voorts
gekenmerkt wordt door een GC-rijke sequentie die SP1 bindingsplaatsen bevat. In
combinatie met de meervoudige "cap sites” die gevonden worden na analyse van
boodschapper RNA zijn dit de kiassicke kenmerken van promoters nodig voor
transcriptie van huishoudgenen. Een 851 nucleotiden lang fragment wat voor het 236
bp fragment ligt is mogelijk betrokken bij negatieve regulatie van transcriptie van bet
gen

in beide allelen van twee verwante patientjes met de ernstige infantiele vorm
van Gy -gangliosidose werd een insertie gevonden van een T-nucleotide onmiddellijk
achter het GT-muclectiden paar dat in de "splice donor site” van intron 1 (publicatie
3). In totaal RNA afkomstig van deze patiénten hebben wij twee aberrante
transcripten (1 en 2) geidentificeerd die een 20 nucleotiden insertie bevatten,
afkomstig van het 57 eind van intron 1. Bovendien blijken in transcript 2 sequenties
gedeleteerd te zijn die wordem gecodeerd door exon 2. Blijkbaar wordt de T-
nucleotide insertie tot een abnormaal “splicings"patroon veroorzaakt door de keuze
van een cryptische "splice site" aanwezig in intron 1 (publicatie 3).

De isolatie en karakterisatie van het ¢cDNA coderend voor het "protective eiwit"
heeft laten zien dat het homologie vertoont met gist en plant serine-
carboxypeptidasen. Het lijkt op een voorheen gekarakteriseerd lysosomaal enzym
cathepsine A en is voorts identiek aan ¢en deamidase/carboxypeptidase geisoleerd uit
humane bloedplaatjes. De laatste functie is mogelifk betrokken is bij de lokale
(im)activatic van bio-actieve peptiden. In publicatie 4 wordt bewezen dat het
protective protein inderdaad cathepsin A-achtige activiteit heeft en dat deze activiteit
afwezig is in fibroblasten afkomstig van verschillende types galactosialidose patiénten.
Bovendien werd, gebruikmakend van mutagenese op speciale plaatsen in het
molelul, aangetoond dat de beschermende werking van het "protective protein”
opzichte van B-galactosidase/meuraminidase te scheiden is van haar cartalytische
activiteit. Een aantal gerichte base substituties in het protective protein ¢DNA
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beschreven in publicatiec 4 en 5 heeft het mogelijk gemaakt het intracellulaire gedrag
van deze mutant eiwitten te bestuderen en te vergelijken met het wildtype protective
protein. Bovendien zijn zowel mutanten als normale protective protein ¢DNA
konstructer gebruikt in cotramsfectie experimenten met B-galactosidase ¢DNA’s om
de plaats en type van de interactie tussen de beide eiwitten te bestuderen. Verrassend
genoeg hebben we gevonden dat wildtype B-galactosidase en protective eiwit reeds in
bet endoplasmatisch reticulum associéren. De meesten van de gemuteerde protective
eiwitten blijven achter in het endoplasmatisch reticulum of pre-Golgi. Bovendien
blijken deze “protective protein” mutanten in staat B8-galactosidase te weerhouden van
Zijn normale inracellulair transport.

107






TOT SLOT

Dit proefschrift is tot stand gekomen dankzij steun en toewijding van een aantal
mensen. Namurlijk betreft dit voornamelijk Sandra d’Azzo die de afgelopen jaren al
haar talenten in de strijd heeft geworpen om dit werk te laten slagen. Soms was die
betrokkenheid zo groot, dat ik bevreesd was dat het vaak gehoorde slogan: “to eat
your own liver" ook daadwerkelijk in praktijk zou worden gebracht. Sandra, daarnaast
wil ik je ook bedanken voor je vriendschap.

Professor dr. H. Galjaard wil ik bedanken voor al de geboden kansen en ik weet
dat Arthur van der Kamp achter de schermen hierin altijd een belangrijke rol
vervulde, Zowel Niels Galjart als Gerard Grosveld, bedankt voor de huip en het
plezier. Xiao Yan Zhou (Big Bad Egg), Amelia Morrone (La marttina da lecne.....),
Nynke Gillemans, Erik B. Bonten (-jongen !), Theresa van Amelsfoort, Arno van 't
Hoog : bedankt. De nieuwlichters Robbert Rottier en Aarnoud van der Spoel: voor
jullie de aanmoedigingsprijs. "Van de andere kant” wil ik ook graag wat mensen naar
voren halen. Dies, bedankt voor je vriendschap. Sjozef, altijd die onzelfzuchtige
bereidheid om te helpen. Maarten Fornerod, leve de subtiele hurnor. Marcel Koken,
een koppige bok zonder streken. Geert Weeda, leve de diplomatie. Martine Jogel,
voortaan de hele muis in een keer in de formaline. Verder iedereen bedankt die dat
verdient. Piet, was ik een gewillig cor of niet? Reyer Hoogendoorn, Mirko Kuit,
Jeannette Lokker, Pim Visser en Rob Willemsen hebben veel werk verricht voor onze
groep, bedankt. De commmissie aangesteld om dit proefschrift te beoordelen, heeft dat
in een ongewoon korte tijd gedaan. Prof. dr. D. Bootsma, Prof. dr. A. Westerveld,
Prof. dr. B. Wieringa en Prof. dr. H. Galjaard, mijn.oprechte dank. Corine, al vind jjj
het heel eng jij staat voorop.
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CURRICULUM VITAE

De schrijver van dit proefschrift werd geboren op 27 maart 1959, Na het behalen van
het gymmasium-8 diploma aan bet Gemeentelijk Gymnasium te Hilversum in 1977
werd aanvankelijk een jaar onderricht gevolgd in de strdie economie. Dit pad werd
verlaten en er werd vervolgens een aanvang gemaakt in 1978 met de studie
geneeskunde aan de Universiteit van Amsterdam. In 1985 resulteerde dit in het
behalen van het artsexamen. Op 1 maart 1986 trad hij in dienst van het instituut
Celbiologie en Histologic I (hoofd ProfDr. H. Galjaard) als wetenschappelijk
assistent en participeerde aanvankelifk in een onderzoek, dat werd verricht onder
leiding van Dr. D. Halley naar (klinisch) genetische aspecten van cystische fibrose.

In september 1987 begon hij aan e¢en onderwerp onder leiding van Dr.A.¢’Azzo
betreffend het homane zure B-galactosidase, hetgeen beschreven wordt in dit
proefschrift. Sinds februari 1992 is de auteur werkzaam als patholoog in opleiding,
verbonden aan het Academisch Ziekenhuis Dijkzigt te Rotterdam.
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