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Abstract

Characterization of the Human Prosaposin Locus

by
Efrat Gavrieli Rorman
Adviser: Gregory A. Grabowski, M.D.

Many lysosomal hydrolases involved in the catabolism of complex sphingolipids
require interactions with activator proteins for optimal hydrolytic activity. Such a
small, heat stable, glycoprotein was described to enhance the hydrolytic rate of
glucosy! ceramide by acid B-glucosidase in vitro. Abnormal enzymatic activity of
acid P-glucosidase causes Gaucher disease. A similar disease is caused by the
deficiency of the activator protein of acid B-glucosidase, saposin C. This work
describes the cloning and characterization of a cDNA encoding four saposins, as
well as the genomic organization of this locus. Based on the molecular data the
following is presented: a model for the evolution of this gene,as well as the steps
involved in maturation from prosaposin to four proteins and their functions.

Screening of two human cDNA libraries using mixed oligonucleotides encoding
amino acid sequence of saposin C identified a 2767 bp long, full-length cDNA.
This includes 38 bp of 5' untranslated region, a 1672 bp open reading frame and
1157 bp of 3' untranslated region. The coding region included a hydrophobic
signal peptide and four, highly homologous, protein domains termed saposin A, B,
C, and D which are proteolyticaly clipped from a precursor protein, prosaposin.
An ~ 80% amino acid similarity was found between prosaposin and a rat sertoli cell
encoding sulfated glycoprotein-1. These results suggested that the human and rat
genes derived from a single ancestral precursor. To examine this hypothesis the
genomic organization of the human gene is described. A region of 19,985 bp-long
which includes the four protein domains and the carboxy-terminus of the signal
peptide was sequenced. This sequence comprised 13 exons ranging in size from 59
to 119 bp. Each of the intron/exon boundaries conformed to the gt/ag rules. Only
two Alu consensus sequences were found. The location of the introns in respect to



the exonic sequence was used to explain the evolution of this locus by duplication

events and a double crossover.

The function of prosaposin is not known yet but, it might be involved in giycolipid
binding and have a role in cell differentiation processes.
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Introduction

Abnormal enzymatic hydrolysis of glucosyl ceramide by acid B-glucosidase [N-
acyl-sphingosyl-1-0-B-D-glucoside: glucohydrolase (E.C.3.2.1.45)], is the cause
of Gaucher disease [1,2]. Acid B-glucosidase is the membrane-associated
lysosomal hydrolase which requires activator protein(s), termed saposin(s), for
cleavage of glucosyl ceramide to B-glucose and ceramide {3]. /n vitro assays to
determine acid B-glucosidase activity, are usually performed in the presence of
detergents which circumvent the effect of the activator proteins. In such assays acid
B-glucosidase levels in tissues of Gaucher disease patients has 2-20% activity as
compared to cells from normal individuals [1,2,4-7]. In comparison, in the
lysosomal environment small activators, saposins, are required for efficient
cleavage of glucosyl ceramide. Although, one activator protein, saposin C, was
described in 1971 as an activator "factor”, its physiologic role was in question until
recently. In three cases of Gaucher disease-like variants the patients had nearly
normal acid B-glucosidase activity in vitro as measured in the presence of a
detergents, but no cross-reactive-immunologic-material, CRIM, with rabbit
antibodies raised to human saposin C [8,9,10).

Much of the enzymology and the molecular biology of Gaucher disease has been
elucidated in the last two decades. However, the molecular biology of the saposins
have not been extensively explored. The focus of these studies is on the molecular
organization of the unique locus which was found, during this work, to give rise to
the four mature saposins .

A. Gaucher Disease and Acid B-Glucosidase

Gaucher disease, the most prevalent lysosomal storage disease, is inherited as an
autosomal recessive trait (11]. In this disease there is a progressive accumulation of
acid B-glucosidase's major natural substrate, glucosyl ceramide, primarily within
lysosomes of the monocyte-macrophage system. Clinically, there are three major
types of Gaucher disease:



Gaucher disease Type | is a chronic, non-neuronopathic disease that may first
manifest from birth to old age. It has an increased frequency among the Ashkenazi
Jewish population, q ~ 0.04 [12,13], but also occurs in Blacks, Hispanics and
other ethnic groups [14]. The major charactenistics of Gaucher disease Type | are
hepatosplenomegaly, bony disease and the absence of neuronopathic manifestatons
{1,15]. There is a remarkable vanability in the phenotype of Type 1; i.e.. in the age
at clinical onset and degree of involvement of bone marrow, liver, spleen and bony
complications .

Gaucher disease Type 2 is an infantile, acute neuronopathic disease. This variant is
a rare, panethnic variant with an infantile onset, typically before 6 months, which is
fatal by two years of age [15]. This disecase is characterized by
hepatosplenomegaly, failure to thrive and progressive psychomotor degeneration.

Gaucher disease Type 3 is a juvenile, subacute neuronopathic disease. This variant
was first described in Swedish individuals of Norrbottnian descent and occurs in
high frequency in this population [16-18], although it is panethnic. Visceral organs
and the central nervous system are involved but it is distinguished from Type 2 by
its later onset and slower rate of neuronopathic progression.

1. Properties of Normal -Glucosidase

In 1965 Brady et al. [1] and Patrick [2] described the common cause of the three
clinically distinguished Gaucher disease types as a deficiency in the enzymatic
activity of acid B-glucosidase. Since then, much research has been focused at
understanding the biochemical and molecular basis of each Gaucher disease variant,
particularly because of the importance for defining patient prognosis and for pre-
natal diagnosis. Additionally, these efforts have provided insight into this
enzyme's mechanism of action and to correcting the defective enzyme found in
Gaucher disease patients. In the following, the biochemical and molecular
characteristics of the normal enzyme will be presented first and then, defective
forms will be discussed.



The calculated molecular weight of acid B-glucosidase as predicted from its cDNA
is 55.4 kDa [19]. This value is in agreement with the deglycosylated molecular
weight of pure acid f-glucosidase obtained by SDS-PAGE analysis [20]. The
post-translational processing of the protein has been evaluated by several
laboratories. As is typical for a protein in this secretory path, acid B-glucosidase is
synthesized and transported through the endoplasmic reticulum membrane, at the
same time its signal peptide is clipped [21]. No other proteolytic processing occurs
during its maturation and transport to the lysosome (22]. Pulse-chase processing
experiments with normal fibroblasts showed that the enzyme is first detected after
passing through the membrane of the endoplasmic reticulum as a glycosylated 63-
64 kDa form. Passage through the Golgi apparatus results in remodeling of the
oligosaccharides to a complex type and the formation of a 69 kDa sialyated form.
The half time of this process is about 3 hours [22]. The final glycosylated form of
the enzyme in fibroblasts has a molecular weight of 58-59 kDa [20]. Glycosylation
studies of the mature porcine enzyme showed occupancy of four of the enzyme's
five possible N-glycosylation sites {21]. Expression studies using site-directed-
mutagenesis of the human cDNA also showed that only four out of the five
potential glycosylation sites are normally occupied (23]. Unlike most soluble
lysosomal enzymes targeting of the enzyme to the lysosome is independent of the
mannose-6-phosphate receptor system [24,25]. This was concluded from
experiments using fibroblasts from I-cell disease patients whose fibroblasts are
genetically deficient in the enzyme N-acetylglucosamine-1-phosphotransferase
[24,26] which is required for the synthesis of a mannose-6-phosphate group. Most
lysosomal proteins are secreted into the media of I-cell fibroblasts due to the lack of
a mannose-6-phosphate group, whereas acid B-glucosidase and acid phosphatase
are targeted to the lysosome even in I-cells [25]). In addition, as determined by
content analysis of acid 3-glucosidase carbohydrate groups, there is no phosphate
group on any of its sugar moieties (27]. The above findings suggest that an
alternative targeting mechanism is used to direct acid B-glucosidase to the

lysosome.

Acid B-glucosidase cleaves the B-glucoside linkage of glucosyl ceramide [1,2,3] as
well as synthetic, water soluble substrates including p-nitrophenyl-f3-D-glucoside

and 4-methyllumbelliferyl p-D-glucopyranoside (4MU-GIc) [20,28.29]). The



enzyme has been isolated from a variety of tissues, including human placenta.
spleen and liver, as well as bovine brain and rat liver [for review see 30].
Extraction and solubilization of the enzyme from the lysosomal membrane requires
the use of detergents (18,31]. Organic solvents are required to delipidate the
enzyme in order to make it partially water soluble [22,32,33].

For its activity the delipidated enzyme requires negatively charged lipids (e.g.
phosphatydilserine or gangliosides) or detergents. In addition, when no detergents
are present the enzyme requires one or two naturally occurring acidic activator
proteins (see section B). Many in vitro assays to evaluate enzymatic activity have
been devised for use with purified enzyme or crude cellular extracts. Acid B-
glucosidase has a pH optimum of 4.2 to 6.0 depending on the precise assay
conditions. However, in most systems pH 5.5-5.7 provides maximal hydrolytic
rates for artificial or glucosyl ceramide substrates [for review see 30]. From pH
optimum profiles, the catalytic rate constant is dependent on the ionization state of
two active site residues with pKa(app) of about 4.5 and 6.5 [34]. Affinity labeling
of purified enzyme with an active site directed inhibitor, conduritol B epoxide, and
isolation of labeled peptides was used to localize the active site to the carboxy-
terminal 1/3 of the enzyme. The binding site for conduritol B epoxide was
identified as Asp*3 [35). Studies with various enzyme modifiers suggested that
the acid PB-glucosidase active site has at least three binding sites with different
specificities {34,36]: 1.) A glycon binding site which is a hydrophilic pocket that
recognizes B-glucosyl moieties, and conduritol B epoxide, 2.) An aglycon binding
site that is hydrophobic and has an affinity for the fatty acid acyl chains of glucosyl
ceramide and modulates Vmax, and 3.) A site which interacts with sphingosyl
moieties and modulates K, [34,36]. Additional site(s) on the enzyme are required
for its interaction with the activator protein(s) or negatively charged lipid activators
[36 and references therein]. The organization of the active site is similar to binding
sites for globotriaocylceramide or phospholipids to their respective binding
proteins, saposin B [37] or phospholipid transfer protein [38] . These similarities
suggest a common structure of binding sites for lipids which has been preserved
during development of lipid degradation pathways.



Comparison of the amino acid sequence of acid B-glucosidase between the mouse
and human proteins showed 86% identity {39]. Within the carboxyi-terminal of the
enzyme there are stretches of 100% sequence identity (from amino acid 315 to 375,
377 to 406, and 411 to 434). However, the immediate region of the suggested
binding site, from amino acid 440 to 451 has less than 50% identity between the
two proteins although, Asp"'43 and Leu44 are conserved {39]. It is still possible
that the overall similarity at the carboxy-terminal region compensate for the local
differences.

Studies at the molecular genetic level mapped the human acid B-glucosidase gene to
chromosome 1q21 [40,41]. Analysis of the structural human gene revealed that it
comprises 11 exons and 10 introns, a total of 7.6 kb. In comparison, a highly
homologous pseudogene, located 16 kb from the structural one, is only 5.8 kb, due
to intronic deletions. There is a 96% nucleotide sequence homology between the
exonic region of the structural gene and the corresponding sequence of the
pseudogene [42]. In addition there are numerous single base differences in the
exons of the structural gene and the corresponding sequence on the pseudogene
(42]). This will be discussed later as a potential source of mutations in Gaucher
disease patients ( see Introduction section A2). Characterization of the promoter for
acid B-glucosidase showed a TATA and a CAAT like boxes upstream of the
translation initiation site [43]. Functional analysis using the bacterial CAT gene as a
reporter revealed very low, if any, activity of the pseudogene promoter as compared
to the structural gene {42]. Using the CAT reporter gene and lymphoid cells, which
have low levels of acid B-glucosidase mRNA, poor promoter activity was
measured, suggesting tissue specific transcriptional regulation(43]. Studies of acid
B-glucosidase mRNA from HeLa cells and skin fibroblasts of normal and Gaucher
disease individuals showed three RNA species, 5.6, 2.5 and 2.0 kb in length
(43,44]). The longest transcript was thought to represent an unspliced genomic
transcript, while the shortest one was shown by S1 nuclease analysis to have arisen
from alternative transcription initiation sites as well as alternative polyadenylation
[43]. The 2.5 kb seems to be the full length mRNA, as demonstrated by primer
extension studies [45]. In the longest cloned cDNAss, there is a stretch of 280-300
bases in the 5' untranslated region followed by two in-frame ATG translation
initiaton codons located 57 bases apart. The most 5' ATG does not exhibit a



consensus Kozak sequence while the second one does. At the 3' untranslated
region, a stretch of 550 bases followed by 100 bases of a poly (A) tail [45] is
present. There is no consensus polyadenylation signal (AAUAAA), but rather a
CUUAAA hexamer, positioned upstream to the 3’ end of the mRNA [43,44).

2. Acid B-Glucosidase Mutant Forms

Enzymatic studies of tissues from Gaucher disease patients had shown extensive
heterogeneity between and among the different types of Gaucher disease [46]. It
was thought that analyses at the DNA level would provide insight into the etiology
of the different phenotypes of Gaucher disease. Today, about 30 different
causative mutations have been defined by various researchers, most of them are rare
or private point mutations. Only two mutations have high frequency in the Gaucher
disease population, they account for about 60-70% of all the Gaucher disease
patients alleles [47].

About 50% of the total alleles in Gaucher disease patients, contain a mutation which
leads to a substitution of serine for asparagine at amino acid 370 (N370S).
Interestingly, this point mutation occurs only in Gaucher disease type 1 even when
present as a heteroallele in affected patients (47,48,51]. Homozygous, N3708S,
individuals may have a milder phenotype [48-50]. Expression of mutant cDNA
containing this mutation resulted in a kinetically altered but stable protein, with a 2-
S fold decrease in CRIM-specific activity as compared to the normal allele [51]. It
was also reported that under specific assay conditions the N370S mutated allele is
poorly stimulated by saposin C but it can be stimulated by phosphatidylserine to a
greater extent than the normal allele [52].

The second common mutation accounts for more than 10% of the total Gaucher
disease patients alleles. This is a substitution of leucine to proline at amino acid 444
(1LL444P). This mutation has been found in all types of Gaucher disease patients but
homozygous individuals were found to have Gaucher disease type 3 [53, 54).
Expression of this mutation resulted in an unstable protein with about 20 fold
decreased catalytic rate constant, as compared to the normal [51,52].



In the Norrbottniau and the Ashkenazi-Jewish population almost all of the mutated
alleles have been defined. All the Norrbottnian type 3 Gaucher disease patients that
have been studied, are homozygous for the L444P substtution [53,54]). From
extensive pedigree analyses and population studies, the commonalty of this
mutation has been shown to be due to a founder effect [53-55].

In the type 1 Ashkenazi Jewish population 65-75% of the mutated Gaucher disease
alleles are N370S, whereas 6% are L444P. A G insertion at DNA base number 84
accounts for about 12%, and a G to A substitution causing the aberrant splicing of
exon 2 accounts for 4.5% [56,57]. Thus, about 88-98% of the Gaucher disease
alleles in the Ashkenazi-Jewish population has been identified.

A unique and interesting phenomenon found among the mutated forms of acid B-
glucosidase is the duplication of pseudogene base changes, either singly or in
groups, in cDNA clones from patients with Gaucher disease. These relatively
frequent occurrences suggest that the rearrangement between the structural gene and
the pseudogene contributes to the pathogenesis of Gaucher disease. These
rearrangements have probably been facilitated by the close proximity (16 kb) and
high exonic homology between these loci. An example of this event is the L444P
mutation where the normal sequence of the structural gene has a T at position 6433
while the mutated form as well as the pseudogene contain a C at this position. A
more dramatic demonstration of this phenomenon is the occurence of complex
alleles. In these cases several point mutations are found on the same mutated allele
of the structural gene, all of them correspond to the sequence from the pseudogene.
An example is an allele found in a Gaucher disease type 3 which contains three
amino acid substitutions: an Asp to His at amino acid 409, a Leu to Pro at amino
acid 444, an Ala to Pro at amino acid 456, and a silent point mutation 35 bases
downstream from base number 6433. These changes account for all the differences
between the structural gene and the pseudogene in this region {S3]. One exampie of
a fusion protein was reported where the §' end is the structural gene and the 3' end
is the pseudogene [47]. Such rearrangements can probably occur by a mechanism
of gene conversion or homologous recombination.



Although, much has been learned about the molecular defects in the acid B-
glucosidase alleles which cause Gaucher disease, there is a very limited correlation
between the known genotypes and the phenotypic heterogeneity observed in
Gaucher disease patients. As described above, mutation N370S correlates with
Gaucher disease type 1. and homozygous patients have a milder phenotype [48-
50]. This allele is considered as a protective allele, if found in a patient the
diagnosis is non-neuronopathic disease. When the L444P allele is found in the
homozygous state the diagnosis is type 3 Gaucher disease [53,54]). There is no
other clear correlation between a known genotype and a specific phenotype.
Moreover, individuals with the same genotype do not necessarily show similar
manifestation of the disease. This observation may suggests that another locus is
involved in determining the various phenotypes of Gaucher disease. The only other
protein that is known to participate in the degradation of glucosyl ceramide is
saposin C, which can be considered as a candidate gene for modulating the
phenotype in Gaucher disease.

B. Activator Proteins for Acid B-Glucosidase

Similar to other sphingolipids, the enzymatic hydrolysis of glucosyl ceramide in
vivo requires an activator protein. In 1971 Ho and O'Brien [58] first described a
heat stable factor which enhanced acid B-glucosidase activity. Since then this
activator has been referred to by numerous names - factor P, co-B-glucosidase,
SAP-2, heat stable factor, and saposin C, with the latter term becoming more
generally used. More recently another protein, saposin A, was shown to activate
acid B-glucosidase in virro (59). Only the cloning of the cDNA revealed that these
two saposins as well as two others were encoded in tandem by the same transcript
[60-63].



I. Saposin C

Saposin C is a small, heat stable. acidic glycoprotein. The molecular weight of the
mature protein is 8.5 kDa, and it contains one N-glycosylation site which is
occupied by carbohydrates of either the complex or the hybrid type [64].

As measured in vitro, saposin C can increase the hydrolytic rate of both the natural
and the water soluble substrates of acid B-glucosidase. It can also increase in vitro
hydrolytic rate of galactosyl ceramide by B-galactosidase, and some researchers
have reported enhancement of sphingomyelinase activity [65-67]. All these
enzymes participate in degradation of sphingolipids to ceramide. In order to
achieve activation of acid B-glucosidase, saposin C requires the presence of an
acidic phospholipid [68], the best of which is phosphatidylserine [69,70].
However, when the enzyme and saposin C are both well delipidated and no lipids
are added back, there is very little activation of acid B-glucosidase by saposin C
alone [69]. Addition of phosphatidylserine, or lipids that were extracted from the
enzyme, restores the sensitivity of the enzyme to the effects of saposin C [69]. The
primary effects of the activator are a two to five fold increase of Vmax, a reduction
of the reaction’s optimal pH from the 5.5-6.0 range to 4.5 and a small decrease of
Km [32, 69].

Sphingolipid activator proteins such as saposin B, have been shown to form a 1:1
mole ratio complex with their substrates and present them to the respective enzymes
[71,72]). In contrast, saposin C binds directly to acid B-glucosidase [69],
apparently in conjunction with an acidic phospholipid. Evidence for the formation
of the ternary complex of enzyme, activator and phospholipid includes affinity
chromatography where immobilized enzyme bound saposin C [69,74), and the
demonstration that saposin C protected the enzyme against inactivation by thiol
reagents and by heat [69]. Additionally, the ternary complex exhibits a lowered Km
for its substrate as well as a higher Vmax compared with the enzyme in the presence
of phospholipids only [75,76]. Berent and Radin [69] suggested that the substrate
may approach the enzyme by lateral diffusion in the lysosomal membrane, so that
the saposin C does not play a role as a carrier protein but, together with acidic
lipids, they make the enzyme accessible to the substrate. Based on experimental



data, three different modes of interaction of the enzyme with the activator at various
concentrations of acidic lipids were proposed. At low lipid concentration, which
probably mimics in situ conditions, the lipids help to present the enzyme so that it
can bind and be activated by saposin C. In higher lipid concentration there is a
competition for the binding site of the activator protein. When the lipids bind to this
site on the enzyme they activate acid B-glucosidase but to a lesser extent than
saposin C. At very high lipid concentration the enzyme is bound to a micellar form
of the lipids and thus is less active [69]. The use of monoclonal antibodies raised
against acid B-glucosidase supports the theory of direct conformatonal effects of
saposin C on the enzyme (77]. In these studies a specific monoclonal antibody
mimicked the enzyme activation by saposin C. There was no requirement for
phosphatidylserine in order to obtain binding of the monoclonal antibody to the
enzyme but, higher activation rates were obtained only in the presence of
phosphatidylserine. Addition of saposin A to the enzyme, phosphatidylserine, and
saposin C or the monoclonal antibody mixture provided a small enhancement of
hydrolysis, though the major effect was a decrease in the total concentration of
activators required for maximal enzyme activation (77]. In order to characterize the
properties of saposin C that are important for its binding and activation, it was
shown that the same degree of activation by saposin C takes place after
deglycosylation of saposin C [64] and extraction with an organic solvent [78]. It
was also demonstrated that a peptide isolated after a CNBr cleavage of saposin C
had the same degree of activation as saposin C [79]. A preliminary study showed
that a short synthetic peptide composed of amino acids 41-80 of the mature saposin
C keeps the effect of the activator protein [80]. These findings suggest that only
part of the protein is required for activation of acid B-glucosidase, and that the
carbohydrate component is not important for this effect.

The physiologic significance of saposin C has been demonstrated by its deficiency
state. Lack of saposin C causes a Gaucher disease-like variant [8,9,10). Two
Gaucher disease-like variants diagnosed and characterized had normal in vitro acid
B-glucosidase activity, as measured in the presence of detergent. But, the
fibroblasts from these patients were CRIM negative to saposin C and accumulated
only glucosyl ceramide. The patients died at 14 and 15 years (8,10]. In a third



case, a boy who died at 16 weeks of age showed no CRIM with antibodies raised
against saposin C and accumulated glucosyl ceramide and ceramide [9).

To evaluate the post-transiational processing of saposin C to its mature form of 8.5
kDa, pulse chase studies were done using skin fibroblasts and rabbit anti-human
saposin C. After 15 minutes of 35S-methionine metabolic labeling, the major and
high molecular weight product was formed, 68 kDa glycoprotein. Within one hour
the precursor was converted to a 73 kDa form, and the ratio between the two forms
was about 1:1. A third form with a molecular weight of 50 kDa was present at all
times. Over a period of 2 to 3 hours chase, the amount of the 73, 68 and 50 kDa
forms decreased and an increase in the 9 kDa and 12 kDa forms was obtained. By
the end of S hours the 12 kDa form disappeared, while the 9 kDa form remained the
major product (81]. A very similar pattern of processing was described for another
activator protein named saposin B (82]. This similarity in processing would be
expected since it has now been demonstrated that saposin A,B,C, and D are all
encoded by the same gene on chromosome 10 [60-63,83,84].

Targeting of saposin C to the lysosome is via the mannose-6-phosphate receptor
system, as was shown in I-cell disease cells. No activator was found in cell
extracts from I-cell disease fibroblasts [85], in another study the precursor form of
saposin C was secreted into the media of I-cell disease fibroblasts [81]. Also, the
precursor form was found in the media of normal fibroblasts treated with NH4Cl
{81]. These finding suggest that the precursor protein is being targeted to the
lysosome using the mannose-6-phosphate receptor and that the proteolytic clipping
into the mature saposin C form takes place in the lysosome. This process might be
tissue specific since in some tissues the unclipped protein is secreted into body
fluids including: cerebrospinal, semen, milk, pancreatic juice, bile, and plasma (86-
88] (see Discussion section B).

I1. Saposin A

Saposin A which is also referred to as Protein A, was shown in vitro to activate
acid B-glucosidase with very similar kinetic properties to saposin C [59]. The only
difference between the two is that saposin A maintained its activating effect in the



presence of Triton X-100 while saposin C did not. Similar to saposin C, saposin A
was found to be active when deglycosylated [88]. It also increased the enzymatic
hydrolysis of galactosyl-ceramide by B-galactosidase, but unlike saposin C, saposin
A inhibited sphingomyelinase activity by 30% [59]). There is no report * °t of
saposin A deficiency.

I11. Accumulation of Activator Proteins

Interestingly, even before the physiologic role of saposin C was clear, many
laboratories reported elevated levels of saposin C in Gaucher disease patients [58,
75, 89, 90]. Recently, researchers have reported different levels of accumulation of
all four saposins in various tissues from patients with lysosomal storage diseases
[88,91]. For example, saposin C accumulates in spleens from Gaucher disease
patients 16 fold over normal, while saposin A and D accumulate 60 and 17 fold.
respectively, over normal {91]. An 80-fold accumulation of saposin A was found
in brain of Tay-Sachs patients [91].

Thus far, there is no animal model for Gaucher disease but, injection of mice with
conduritol B epoxide, a covalent inhibitor of acid B-glucosidase, rapidly produced
elevated levels of saposin C in both the liver and brain of those mice [92]. Injection
of glucosyl ceramide emuisified with Myrj 52 produced the same effects in the liver
only {92].

These observations may suggests a relationship between the level of the active
lysosomal enzymes and/or their substrates and the level of the saposins. Since itis
now known that all four saposins are transcribed and translated together, different
levels of saposins A, B, C, and D are likely to be regulate during or after post-
translational processing, for example by specific susceptibility to proteolysis (see
Discussion section B).
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Experimental Results
This portion of the thesis has been presented as the following publications:
1. Rorman, E.G. and Grabowski, G.A., 1989: Molecular Cloning of a Human Co-
B-glucosidase cDNA: Evidence That Four Sphingolipid Hydrolase Activator
Proteins Are Encoded By single Genes in Humans and Rats. Genomics 5:486-

492.

2. Rorman, E.G., Scheinker, V. and Grabowski, G.A., 1992: Structure and
Evolution of the Human Prosaposin Chromosomal Gene. Genomics 13:312-318.

*Note: The references to the Experimental Results are as in the original
publications.

Copyright permission was received from Academic Press Inc.
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Molecular Cloning of a Human Co-B-Glucosidase cDNA: Evidence That Four
Sphingolipid Hydrolase Activator Proteins Are Encoded by Single Gene in Humans
and Rats

Efrat Gavrieli Rorman and Gregory A. Grabowski

Division of Medical and Molecular Genetics, Department of Pediatrics, Mount Sinai
School of Medicine, New York



ABSTRACT

Authentic cDNAs encoding the activator protein for acid B-glucosidase
(EC3.2.1.45), co-B-glucosidase , were cloned from the pCD and Agtl] human
cDNA libraries. Initial screening with oligonucleotide mixtures encoding amino
acid sequences of co—-f—glucosidase identified partial cDNAs which were used to
obtain a potendally full-length cDNA from the Agtl1 library. This clone (2767bp),
EGTISI, contained §' (38bp) and 3' (1157bp) noncoding sequences, a translation
initiation site, and an open reading frame encoding 524 amino acids which included
a typical hydrophobic signal sequence (16 amino acids). Computer analyses
identified three regions of high similarity to co—f3—glucosidase encoded by tandem
sequences in EGTISI. Searches revealed that two of these regions encoded
peptides of known function; SAP1 (sphingolipid activator protein 1) and protein C
(a new sphingolipid activator protein) were encoded by EGTISI sequences S and
3', respectively, to those of co—f—glucosidase. The third region of similarity,
encoding a theoretical peptide (undefined function), was located most 5' in the
c¢DNA. EGTISI and its encoded polypeptide had high similarity (77% nucleotide
identity and about 80% amino acid similarity) to a rat Sertoli cell cDNA and its
encoded sulfated glycoprotein-1. These results indicate that a single highly
conserved gene encodes the precursor for four potential sphigolipid activator
proteins in rat and man.
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INTRODUCTION

Many lysosomal hydrolases involved in the catabolism of complex sphingolipids
require interactions with activator proteins for optimal hydrolytic activity. A protein
termed SAP1 (sphingolipid activator protein 1) ( Fujibayashi and Wenger, 1986b)
participates in the hydroiysis of sulfatide by arylsulfatase A, sphingomyelin by
sphingomyelinase, and globotriaosylceramide by a-galactosidase A (Fischer and
Jatzkewitz 1975; Wenger et al.,, 1982; Li et al., 1985). A distinct activator protein,
co—PB-glucosidase, optimizes the hydrolysis of glucosylceramide by acid B-
glucosidase (Ho and O'Brien, 1971, Berent and Radin, 1981). A third activator
protein is required for the degradation of GM2-ganglioside by B-hexosaminidase A
(Conzelman and Sandhoff, 1978). The physiologic significance of these activator
proteins has been demonstrated by their respective deficiency states, since disease
analogs of the true enzymatic deficiency states result: i.e., a metachromatic
leukodystrophy variant in SAP1 deficiency (Inui et al., 1983), a Tay-Sachs variant
in B-hexosaminidase A activator deficiency ( Conzelman and Sandhoff, 1979), and
a Gaucher disease variant in co—f—glucosidase deficiency (Christomanou et al.,
1986).

Two of these activator proteins, SAP1 and co—f-glucosidase, have similar
biochemical and processing properties and their loci map to chromosome 10 (Inui et
al., 1985; Kao et al., 1987). The remarkable resistance of these two activators to
thermal denaturation facilitated their purification to homogeneity from several
human tissue sources (e.g., Li et al., 1985; Sheh et al., 1985; Iver et al., 1983).
By analytical polyacrylamide gel electrophoresis (PAGE) the purified proteins were
small (Mr = 6K-22K), acidic glycoproteins. Partial SAP1 (Dew;ji et al., 1987) and
complete co—P-glucosidase amino acid (Kleinschmidt et al., 1987) sequences
demonstrated that the mature proteins from human spleen were distinct. Using
antibodies specific for either activator, pulse-chase processing studies indicated that
both proteins were synthesized initially as 68 to 73 kDa glycosylated precursors
(Fujibayashi and Wenger, 1986a,b). The deglycosylated precursor were about 50
kDa for each activator. After extensive proteolytic processing, the mature
glycopeptides were estimated to be about 9-12 kDa on SDS-PAGE.
Immunohistologic studies localized these activators to the lysosomes (Tamaru et al.,
1986), and studies of I-cell disease fibroblasts indicated that the co—p—glucosidase
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requires the mannose 6- phosphate receptor for targeting to this organelle (Varon et
al., 1982). Although the physical state of co—B—-glucosidase in the lysosome has
not been well characterized, SAPI1 is thought to be present there as an active
homodimer (Fujibayashi and Wenger, 1986b).

During the course of the present studies, the possibility that SAP1 and co—p-
glucosidase could be encoded by the same gene was indicated by Furst et al.
(1988). Using the chemically determined sequences of a few ganglioside-binding
protein and co—B—glucosidase as well as the cDNA sequence encoding SAP1
(Dewji et al., 1987), these investigators indicated that with modifications to the
nucleotide sequence three similar 80-amino-acid peptides could be encoded by that
cDNA: SAPI1, co—-B-glucosidase, and protein C. Subsequently, O'Brien et al.
(1988) confirmed this finding by cloning a partial cDNA which correctly predicted
the three peptides and another similar sequence 5' to SAP1. However, this cDNA
did not contain a 5' untranslated region, an initiating AUG, nor a signal sequence
for ransport across the endoplasmic reticulum.

In this communication we report the molecular cloning and characterization of a
c¢DNA encoding four potential polypeptides with extensive self-similarity arranged
tandemly. Three of these peptides, SAP1, co—f—glucosidase, and protein C,
function in sphingolipid catalysis. In addtion, extensive amino acid sequence
identity was predicted between the human precursor protein and a major sulfated
glycoprotein (SGP- 1) from rat Sertoli cells.

MATERIALS AND METHODS
Marcrials

The following were from commercial sources: Restriction endonucleases,
polynucleotide kinase, M13 phage, and plasmid pUC19 (New England Biolabs,
Beverly, MA); radiolabeled nucleotides (Amersham, Arlington Heights, IL);
Sequenase (United Stated Biochemicals, Cleveland OH); and Bluescript
(Stratagene, San Diego, CA). The human placental Agtl1 cDNA library was from



Clontech (Palo Alto, CA). The human hepatic pCD cDNA library (Okayama and
Berg, 1983) was a gift from Dr. H. Okayama at the National Institute of Health.

~oni | Charachieriztion of cDNAs Encoding Co-B-glucosid

From the first 55 amino acids of the complete chemically determined amino acid
sequence of co—P-glucosidase (Kleinschmidt et al., 1987), four sets of mixed
oligonucleotides (20 to 26-mers, see below) were synthesized (Applied Biosystems
Model 380B DNA synthesizer), end-labeled, and used as probes for the pCD
c¢DNA library.

20-mer 128 mix
TA(C/TTG(C/TYGA(G/AYGT(N*) TG(C/TYGA(A/G)TT

26-mer 512 mix
GA(C/DHAA(C/THAA(C/TMHAAA/GACN)GA(G/A)AAA/G)GA(A/G)AT

20-mer 64 mix
GA(C/THYGAN)TT(C/TYGA(C/DHAAA/G)ATGTG

23-mer 512 mix
GA(A/G)YGA(A/G)TG(C/TYCA(A/GYGA(A/G)GT(N)YGT(N)GA.

*N refers to any nucleotide.

Using calculated Tm values, high-stringency hybridization and wash conditions
were developed for screening of the pCD library (Maniatis et al., 1982). Sequence
analyses were conducted by the dideoxy methods (Sanger et al., 1977) adapted for
single or double-stranded templates (Chen and Seeburg, 198S5).

Initial screening was accomplished with the 26-mer and 23-mer oligonucleotides.
Positive colonies were rescreened with the two remaining probe mixtures. One
colony was positive with all four oligonucleotide mixtures. This colony was
picked, purified, and recloned into EcoRI sites of M13 and plasmid pUCI9.
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Nucleotide sequence analysis of these subclones, termed EG12a, indicated a length
of about 1900 bp whose 5' end began 186 bases upstream from the co-f-
glucosidase coding region. The 3' end contained a poly(A) tail of about SO
nucleotides in length. Computer searches of GenBank against the EG12a
nucleotide sequence revealed extensive similarity to the 3' half of the cDNA
encoding SAP1 sequence (accesion No. J03015) reported by Dewiji et al. (1987).

Inital screening of the Agtl1 human placental library was conducted with randomly
primed (multiprime DNA labeling kit, Amersham) 5' (EG12aS, 669 bp) and 3'
(EG12aL, ~1300 bp) BamH! fragments of EG12a which had been purified by
electrophoresis in agarose gels (Maniatis et al., 1982) and subcloned into pUCI19
and M13. Plaques that hybridized with both EG12aS and EG12aL were rescreened
with unique 40-mer oligonucleotides complementary to bases 9-48 or 472-511 of
the Dewji sequence. Plaques that hybridized with all four probes were purified.
The two longest clones were subcloned into Bluescript and characterized.

Northern Blot Analyses

Total human RNA was prepared from a Gaucher disease patient's lymphoblastoid
line or cultured skin fibroblasts obtained from two normal individuals and three
patients with Gaucher disease. Briefly, the cells were harvested into guinidine
thiocyanate, homogenized, and fractionated in a CsCi gradient (Maniatis et al.,
1982). After isolation of the RNA by chloroform-phenol extraction and ethanol
precipitation, RNA was electrophoresed on a 1% agarose/formaldehyde gel in
MOPS buffer at 100 V for 4-5 hr. Blotting onto Zetabind, prehybridiztion and
hybridiztion conditions washes were according to the manufacturer's instructions
(Cuno Inc, Meriden, CT).

. Assisted DNA and Protcin Anal

Searches of national and local DNA and protein databases as well as other analyses
were conducted using the Wordsearch and other indicated programs of the
Sequence Analysis Software of the Genetics Computer Group (University of
Wisconsin, Madison, WI). Additonal analyses were conducted with the IDEAS
(Integrated Database and Extended Analyses System for Nucleic Acids and



Proteins) from the Laboratory of Mathematical Biology and Advanced Sceintific
Computing Laboratory of the National Cancer Instutute and the DNA/Protein
Sequence Analysis System (IBI, New Haven, CT).

RESULTS

. zation of the cDNAs Encoding Co-B-glucosid

Partial sequence analyses of clone EG12a obtained from the pCD human liver
library indicated a length of about 1900 bp. Authenticity of this clone was
demonstrated by the identity of its deduced amino acid sequence with that
chemically determined for co—p—glucosidase (Klienschmidt et al., 1987). Using
this clone as a probe, Northern analyses of total fibroblast or lymphoblastoid RNA
(data not shown) indicated a single co—B~glucosidase-specific mRNA of about 3.2-
3.4 kb. To obtain longer clones the Agtll placental cDNA library was screened
with EG12aS and EGI12al and the unique oligonucleotide from the Dewiji et al.
(1987) sequence of SAP1 (see Materials and Methods). Two clones, EGTISI and
EGTIS, of about 3.0 kb in size were isolated and sequenced. The longest clone,
EGTISI, was 2767 bp in length and contained a long open reading frame of 1572
nucleotides, bases 39-1610, encoding 524 amino acids. The first 100 nucleotides
of EGTISI indicating the initiating ATG are shown below and a reasonable
consensus sequence for translation initiation (Kozak, 1986) included a G in the -3
(nucleotide 36) position and a T in position +4 (nucleotide 42). The other clone,
EGTIS, was identical except that the 77 most S’ nucleotides in EGTISI were not
present. Although neither EGTISI nor EGTIS contained a poly(A) tail , the most
common polyadenylation signal, AAUAAA, was present at bases 2744-2750. The
finding of a poly(A) tail of at least 50 bases in clone EG12a indicated that the
longest predicted cDNA would be about 2850-2900 bp in the absence of additional
non-coding §' nucleotides.

1 GGGCGGGCGC ATTGCAGACT GCGGAGTCAG ACGGTGCTAT
41 GTACGCCCTC TTCCTCCTGG CCAGCCTCCT GGGCGCGGCT
81 CTAGCCGGCC CGGTCCTTGG
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The authenticity of EGTISI and EGTIS was demonstrated by the finding that the
complete chemically determined amino acid sequence of co—f—glucosidase was
predicted exactly by bases 969 to 1208 of EGTISI. Furthermore, the complete
protein C and partial SAP1 amino acid sequences were predicted correctly by
nucleotides 1257-1490 and 621-674, respectively (Fig 1.). Bases 77 to 1614 of
clone EGTISI and the corresponding sequences in EGTIS had essential identity to
the partial cDNA reported by O'Brien (Accession No. J03086), except that the latter
cDNA contained a G deletion at the base corresponding to 88 in the EGTISI
sequence. This resulted in an apparent frameshift in the O'Brein et al. (1988)
sequence, leading to incorrect prediction of the first four amino acids of their
sequence. Searches of GenBank revealed no other significant similarity to included
DNA sequences (January 1989). From a local database, the 1662-bp coding
region, 554 amino acids, of the rat Sertoli cell sulfated glycoprotein 1 (SGP-1) had
77% nucleotide identity with the coding region of EGTISI. The major differences
included an in-frame codon deletion corresponding to bases 481-483 of EGTISI
and a 90-base in-frame insertion at base 1279 of EGTISI (Fig. 1). A single G
deletion corresponging to position 30 in EGTISI was present in the §' noncoding
sequence of SGP-1. Following the respoctive stop codons (Fig.1), the rat and
human ¢cDNA sequences required numerous large deletions and insertions for
optimal alignment (data not shown).
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Figure 1.

Schematic diagram of the human proactivator cDNA (EGTISI) and the rat sertoli cell SGP-1 cDNA (4). The
coding sequences are indicated by rectangles (open or shaded). Noncoding sequences are indicated by thin solid
lines. The numbers refer to nucleotides for coding region. The similarly shaded rectangles indicate region of
similarity encoding functionally assigned peptides: Protein A, SAP-1, co B-glucosidase, and protein C, anising

from proteolytic processing of the human proactivator molecule.

to
to




A hydrophobic signal sequence was predicted to include 16 amino acids following
the methionine encoded by bases 39-81 of EGTISI (Fig 2). As is typical for a
signal sequence, the hydrophobic amino acids were predicted to constitute a
transmembrane region by the ALOM (Allocation of Membrane Proteins) program
(Klein et al., 1985) of the IDEAS package. The N-terminus of the mature protein
precursor of the co—B—glucosidase was predicted by the weight-matrix method
(von Heijne, 1986) to begin at Gly!7. This was consistent with the results obtained
for the rat SGP- 1, whose chemically determined N-terminal amino acid was Ser!?
(Collars et al., 1988) (Fig. 2).

The predicted protein encoded by EGTISI, designated proactivator, contained four
similar regions for an unknown protein ("Protein A"), SAP1, co—fB~glucosidase,
and Protein C. As shown in Figure 2, SGP-1 also had four internal regions of
similarity (also see Collard et al., 1988). Computer analyses indicated that the first
regions, Protein A, of the rat and human proteins had 85% amino acid identity
(90% similarity). The corresponding SAP1 and Protein C regions had 81% (94%
similarity) and 85% (94% similarity) identity, respectively. The co—f—glucosidase
regions were the least conserved, since only 40% identity (71% similarity) was
found.

Several structural features were conserved between each of the four regions in the
deduced human and rat proteins (Fig 2). The relationships of the cysteine residues
in each region were strictly preserved. A single N-glycosylation consensus
sequence for each peptide was preserved precisely in alignment. Using a variety of
programs available in the Genetics Computer Group and the IBI DNA/Protein
Analysis packages for the prediction of secondary protein structure,
hydrophobicity, and chemical properties of proteins, no major differences were
evident among or between any of the eight potential peptides. For example, human
(theoretical) Protein A, SAP1, co—P—glucosidase, and Protein C had calculated
molecular weights of about 8.9 kDa and pl values between 5.1 and 5.4. Using
different methods, O'Brien et al. (1988) reached complementary conclusions for the
human peptides.



The major difference between the precursor protein, proactivator, and the SGP-1
precursor protein was that the latter is not proteolytically processed to small (~80
amino acid) peptides in Sertoli cells (Collard et al., 1988). To gain insight into the
potential for amino acid sequence differences that could account for this processing
difference (possibly tissue specific), the predicted amino acid sequences between
the four regions were analyzed. In general, these sequences did not have greater
divergence than those for the four major peptide regions, except for a predicted 30-
amino-acid insertion in the SGP-1 sequence following the co—-f—glucosidase
region. Using the first cysteine in each region (Fig 2) as a reference, a lysine
residue (i.e., a potential protease cleavage site) was located 4 to 6 amino acids
upstream from each of these cysteines, except for a glutamate substitution in the co-
B-glucosidase region of the SGP-1 sequence. For human SAP-1, co—f-
glucosidase, and Protein C, the chemically determined N-termini were 1 to 2 amino
acids downstream from these lysines. Similarly, at the carboxy-termini a basic
residue (lysine or arginine) was 4 to 5 amino acids downstream from the last
cysteine in each region of the human proteins (Fig.2 ). The charge of this amino
acid was preserved in the rat SGP-1 regions except following the Protein A
sequence where Glu (rat) to Lys (human) were present. Also, at the carboxyi-
terminal end of each peptide region for the human sequence, the neighboring
downstream amino acid from the lysine or arginine differed in charge or
hydrophobicity from the corresponding residue in the rat sequence. For example,
following the SAP-1 region, Arg2’5 in SGP-1 was Glu275 in the human sequence.
From these data the N- and carboxy-termini of the theoretical peptide protein A
encoded by the human cDNA were predicted to be Ser 8 or Leu®! and Ser!3.



FIGURE 2. Similarity and conservation of functional and theoretical peptide
coding regions of rat Sertoli cell SGP-1 (top sequences) and human proactivator
(bottom sequences) corresponding to "protein A", SAP1, co-B-glucosidase, and
protein C. The signal sequence for SGP-1 was predicted from the chemically
determined N-terminus(4). That for the human proactivator was predicted by
computer analyses. The boxed area indicates the four regions of the mature
peptides in the human proactivator sequence. The solid diamonds indicate aligned
cystein residues and the solid rectangle indicates conserved N-glycosylation sites.
Shades areas indicated conserved similarities of amino acids with like properties.
Alignment were conducted by repeated use of the Gap program (see Material and
Methods) followed by minor manual adjustments.
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DISCUSSION

The present studies indicate that a single, highly conserved gene in man and rat
encodes three, and potentially four, small "activator” proteins involved in the
sphingolipid hydrolysis. These results with this human proactivator cDNA confirm
and extend those of Furst et al. (1988), based on amino acid sequence, and those
from partial cDNA sequence (O'Brien et al., 1988; Dewji et al., 1987). By the
extensive similarity to the rat SGP-1 cDNA, the presence of a translation start site,
and the prediction of the appropriate sized polypeptide precursor of co—p-
glucosidase, Mr = 56,470, (Fujibayashi and Wenger, 1986a, b), the entire coding
region was encoded by EGTISI. However, Northern analyses detected a 3.2- to
3.4-kb proactivator-specific mMRNA in human fibroblast or lymphoblastoid lines.
Consequently, a full-length transcript could contain an additional 300-400 bp of
noncoding 5' sequence which were not present in EGTISI.

The striking similarity (80% overall) and identity (up to 90% locally) of the
predected amino acid sequences of human proactivator and rat SGP-1 imply
conserved function. However, the ultimate structures of the polypeptides from the
respective cDNA differ dramatically. The resultant Mr ~56K or 59K proactivator or
SGP-1 precursors, respectively, agree well with the initial protein observed in
pulse-chase processing studies (Inui et al., 1985; Collard et al., 1988). By N-
terminal amino acid sequencing as well as metabolic labeling and chase studies in
rat sertoli cells, SGP-1 has been shown not to be processed proteolytically after the
removal of the signal sequence (Collard et al., 1988). The fact that three peptides
encoded by the human proactivator cDNA, SAP1, co—p—glucosidase, and protein
C. have been purified to homogeneity from human tissues was consistent with the
pulse-chase processing studies which indicated extensive proteolytic processing of
a large precursor. The findings that the guinea pig (Sano and Radin, 1988) and
bovine hepatic (Berent and Radin, 1988) co—f—glucosidase have molecular
masses, ~8-12 kDa, very similar to those of the human fibroblast (Fujibayashi and
Wenger, 1986a) or splenic proteins (Kleinschmidt et al., 1987) suggest tissue-
specific processing at least in the rat. A comparison of the amino acid sequences
between the four potentially encoded peptides in either SGP-1 or proactivator
indicates that five substitutions have occured at or directly following basic amino
acid (Fig. 2) at the end of the potential peptides. These alternations apparently
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occur at strategic locations 3-5 residues upstream or downstream tfrom the N- or
carboxy-terminal cysteine residues of each mature human peptide, i.e., 1-2 residues
from the N- or carboxy-termini of these each peptides. These findings, which
could influence protease cleavage sites, suggest a species difference in processing
due to either a general or a tissue-specific lack of a specific protease activity.
Clearly, further studies will be required to resolve this problem and to determine
whether the intact SGP-1 has any functional properties similar to those of SAP1,
co—fP—glucosidase, or protein C in sphingolipid catabolism.

The roles in sphingolipid catabolism of three of the four related peptides encoded
by proactivator have been established by in vitro studies, and the physiologic
importance of SAP1 and co—B—glucosidase deficiency has been proven by their
deficiencies states which result in lysosomal storage disease (Inui et al., 1983;
Conzeiman and Sandhoff, 1979; Christomanou et al., 1986). However, the
similarities in their primary or predicted secondary structures were reflected in the
specificities or mechanisms of activation by SAP1, co—B—glucosidase, or protein C
[Saposin D (O'Brien et al., 1988)]. /n vitro studies have indicated that SAPI
increases the hydrolytic rates only of the natural sphingolipid substrates of
arylsulfatase A (Fischer and Jatzkewitz, 1975), a-galactosidase A (Li et al., 1985),
or GM1-ganglioside B-galactosidase (Li and Li, 1976). SAP1 apparently binds to
the substrate(s) and forms a SAP1/substrate complex which is the true substrate.
Potentially, this mechanism is similar to those of lipid transfer proteins. In
comparison, co—P—-glucosidase increases hydrolytic rates of water-soluble -
glucosides as well as a natural substrate, glucosylceramide, by acid B-glucosidase
in the presence of phosphatidylserine or other nondetergent negatively charged
lipids (e.g., Prence et al., 1985). Co-B-glucosedase binds directly to acid B-
glucosidase (Ho and O'Brien, 1971) and has not been demonstrated to bind the
lipid substrates. In vitro, co—p—glucosidase also increases the hydrolytic rates of
sphingomelinase and galactosylceramide: B-galactosidase, respectively (Wenger et
al., 1982). Indeed, the purification of co—p—glucosidase has been monitored with
sphingomelinase activity (Kleinschmidt et al., 1987). However, only
glucosylceramide was reported to accumulate in the single patient who had no
immunologic cross-reacting co—B-glucosidase material (Christomanou et al.,
1986). The recently described protein C was first purified by elution from a
ganglioside affinity column (Furst et al., 1988). Subsequently, O'Brien and co-
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workers (1988) demonstrated specific activation of sphingoomyelin hydrolysis by
this protein, which they termed Saposin D. The mechanism of action and the in
vivo specificity of this protein are unknown. Clearly, the diverse specificities and
mechanisms of action of these activators of sphingolipid hydrolysis are hidden in
subtle differences in their structures.
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Note added in proof.

A similar cDNA to EGTISI recently has been reported by Nakano et al. (J.
Biochem. 165: 152-154, 1989). "Protein A" has been purified to homogeneity
from Gaucher disease splenic tissue (Morimoto et al., Proc. Natl. Acad. Sci. USA
86: 3389-3393, 1989). In vitro this peptide increases the hydrolytic rates of 4-
methylumbelliferyl-B-D-glucopyranoside and glucosyl ceramide by acid B-
glucosidase as well as galactosyl ceramide by (-galactosidase. The amino- and
carboxy-terminal amino acids corresponded to Ser 60 and Lys, respectively.
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ABSTRACT

The gene for prosaposin was characterized by sequence analysis of chromosomal
DNA to gain insight into the evolution of this locus that encodes four highly
conserved sphingolipid activator proteins or saposins. The 13 exons ranged in size
from 59 to 119 bp, while the introns were from 91 to 3812 bp in length. The
regions encoding saposins A, B and D each had three exons, while that for saposin
C had only two. This sequence included the regions that encode the carboxy
terminus of the signal peptide, the four mature prosaposin proteins and the 3'
untranslated region. Primer extension studies indicated that over 99% of the coding
sequence was contained in these 19,985 bp. Use of PCR and reverse PCR
techniques indicated that the most extreme §' coding ~140 bp contained large
introns and at least two small exons. Analyses of the intronic positions in the
saposin regions indicated that this gene evolved from an ancestral gene by two
duplication events and at least one gene rearrangement involving a double crossover
after introns had been inserted into the gene.
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INTRODUCTION

During the past decade, numerous laboratories have defined the importance of small
molecular weight proteins as cofactors in the metabolism of lipids [Bernier and
Jolles, (1987) for review]. In the degradation of complex glycosphingolipids,
several enzymes have an essential requirement for specific small proteins, termed
sphingolipid activator proteins (SAPs) or, more recently, saposins (Morimoto et
al., 1988). The isolated deficiencies of SAPs or saposins leads to lysosomal
storage diseases that have phenotypes analogous to the specific enzyme defects.
Thus, cerebroside sulfatide, glucosylceramide and Gyy,-ganglioside storage
diseases have resulted from deficiencies of arylsulfatase A (Jatzewitz and Mehl,
1969) or saposin B (Inui er al., 1983), acid B-glucosidase (Brady ez al., 1965) or
saposin C (Christomanou er al., 1986) and 8-hexosaminidase A (O'Brien et al.,
1970) or Gpq5-activator protein (Conzelman er al., 1979), respectively. Two
additional saposins, A and D, have been shown to enhance the in vitro hydrolytic
activity of acid B-glucosidase or sphingomyelinase (Furst er al., 1988; Morimoto
et al., 1988), respectively. Biochemical studies have defined the interactions of
these "activator” proteins and their respective enzymes and substrates (Ho and
O'Brien, .971; Fischer and Jatzewitz, 1975; Fujibayashi and Wenger, 1986b;
Morimoto et al., 1989; Fabbro and Grabowski, 1991).

Intriguingly, several laboratories demonstrated that saposins A, B, C and D were
encoded in tandem on a single ~3 kb mRNA species (O'Brien et al., 1988; Nakano
et al., 1989; Rorman and Grabowski, 1989; Reiner ez al., 1989) and were denved
from a single high-molecular-weight protein precursor by lysosomal proteolytic
processing (Fujibayashi er al., 1986a, 1986b). The mature saposins were small
(MW=~8.5 kDa), acidic glycoproteins [Grabowski er al., (1990) for review]. In
addition, the protein sequences of these saposins were highly similar with about
50% amino acid identity. Comparison of the analogous murine sequence for Sertoli
cell sulfated glycoprotein 1 (SGP-1) (Collard er al., 1988) showed ~80% amino
acid identity (~90% similarity) between the saposin A, B and D regions of the two
species. In the saposin C region, the analogous amino acid sequences had 40%
identity and 71% similarity (Rorman and Grabowski, 1989) (Fig. 3). These results
suggested that the human and murine genes encoding these saposins derived by
duplication events from a single ancestral precursor. To examine this hypothesis at



a molecular level, we report the organization and sequence of the human
chromosome 10 locus (Inui et al., 1985; Kao er al., 1987) encoding prosaposin.

FIGURE 3.

Schematic diagram of the cDNA sequences of human and murine prosaposin
(adapted from Rorman and Grabowski, 1989). The regions designated saposin A,
B, C and D indicate the mature proteolytically processed saposins as determined
from the amino acid sequences of the purified proteins from human sources
(Morimoto er al. 1988, 1989; Kleinschmidt et al. 1987; Dewiji er al. 1987). The
solid black regions indicate protein sequences that are removed during post-
translational proteolytic processing. The sequence indicated by a solid open area
near the ATG is the signal sequence of the prosaposin propeptide. which is
removed during transport into the lumen of the endoplasmic reticulum. The thin
lines indicate 5' and 3' untranslated sequences. The 90-bp additional exonic
sequence in the murine cDNA is shown as "90 Base In-Frame Insertion" (Collard
et al. 1988). The location of the intron in the saposin B region that contains an
alternative splice site is labeled as "alternative splice site.” The percentage amino
acid identity of the homologous human and murine saposin regions is shown above
each designated area.
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MATERIALS AND METHODS

The following were from commercial sources: Restriction endonucleases, Tag DNA
polymerase and buffers, random priming kit, and pGEM-4Z (Promega, Madison,
WI); radiolabeled nucleotides (Amersham, Arlington Heights, IL); polynucleotide
kinase (New England Biolabs, Beverly, MA); Sequenase (U.S. Biochemicals,
Cleveland, OH); Bluescript (Stratagene, San Diego, CA); Reverse Transcriptase
(Gibco BRL, Gaithersburg, MD); chromosome 10 specific libraries (ATCC,
Rockville, MD). The following total genomic libraries were screened: Two
fibroblast DNA EMBL-3 libraries (Frischauff et al., 1983, and from Dr. S. Orkin),
a lymphoblast DNA cosmid library (from Dr. H. Vissing, Mount Sinai School of
Medicine, NY), a liver DNA Charon4A (Maniatis et al., 1978), and a placental
library (from Dr. E. Skolnik, NYU Medical Center, NY).

From each total genomic library about 1x100 clones were screened at least once.
The following probes were used to screen the genomic libraries, all contain the
most 5' end of our cDNA clone (Rorman and Grabowski, 1989) which begins 38
bases upstream from the ATG: 1) the §' 1 kb EcoRI fragment, 2) a 198bp EcoRI-
Pstl fragment, which included the ATG, and 3) a PCR product of the first 78 bp of
the cDNA. All probes were purified on an agarose gel (Sambrook ez al., 1989) and
labeled. The DNA from positive clones was purified. Restriction maps were
developed by Southern blot analysis (Sambrook er al., 1989), using radioactive
labeled oligonucleotides corresponding to sequences covering the entire cDNA,
except for 80 bases of the 5' end of the cDNA (Applied Biosystems DNA
synthesizer Model 380B). Clone A (Fig. 4) was digested with Sall and EcoRI and
DNA fragments were subcloned into pGEM-4Z or Bluescript. Clone A was
digested with BamHI, a fragment overlapping the three adjacent EcoRI sites was
subcloned and the sequence was confirmed. This approach, as well as sequencing
of much of the intact Clone A, was used to ensure that small intronic sequences
were not missed. Clone B (Fig. 4) was subcloned in one piece into pGEM-4Z. All
sequence analyses were conducted by the dideoxy methods (Sanger et al., 1977)
adapted for double-stranded DNA template (Chen and Seeburg, 1985) using
synthetic oligonucleotide primers. Most of the sequence was determined in both
directions.
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Two regions of the genomic sequence, not fully contained in clones A or B were
obtained by PCR amplification of normal genomic DNA as follows: PCR 1 (Fig.
4) included the sequence between the first and second exons. The 5' primer was
synthesized from cDNA bases 100-118 5-CAGAATGTGAAGACGGCGT, and
the 3' antisense primer c¢DNA bases 178-197 5'-
CATATGTCGCAGGGAAGGGA. PCR 2 included the sequence containing the
second and third exons. The §' primer was synthesized from cDNA bases 226-243
5'-ATGCTGAAGGACAATGCC, and antisense primer at the 3' end was
synthesized from cDNA bases 252-270 5-CAAGTAAACAAGGATCTC.
Conditions for amplification were: 940C 1 min (denaturation), 560C 30 sec
(annealing), 720C 2 min (extension) for a total of 30 cycles. These amplification
conditions were experimentally determined to provide one specific band, which
then was cloned and subjected to sequence analysis. To avoid Tag polymerase
introduced errors, three to five independent clones from the same PCR products
were isolated and sequenced. In addition, the overlapping regions of PCR 1 with
clone B and PCR 2 with clone A were compared and found to be identical, except
for two isolated PCR errors. All cDNA base numbers cited in the text are
referenced to the A of the ATG in the sequence reported by Rorman and Grabowski
(1989).

Once the entire sequences of Clone A, PCR 1, PCR 2 and Clone B were obtained
and verified, their overlapping regions were aligned by computer and verified
manuaily. Computer DNA analyses were conducted using MacMolly and the
Sequence Analysis Software of the Genetic Computer Group (University of
Wisconsin, Madison, W1 ; Deveax et al., 1984).

Primer extension studies were conducted as described (Sambrook er al., 1989).
Briefly, total human RNA was prepared from lymphoblastoid lines or cultured skin
fibroblasts. The cells were harvested into guanidine thiocyanate, homogenized, and
fractionated in a CsCl gradient (Sambrook et al., 1989). After isolation of the
RNA by chloroform-phenol extraction and ethanol precipitation, RNA was run on a
1% agarose gel to confirm its integrity. The RNA was selected on a poly(T)
column (Sambrook et al., 1989). A 20 bp long oligonucleotide starting at base 40
of the cDNA was labeled hybridized to the Poly(A) selected mRNA and RNA
extension was carried out with Reverse Transcriptase at 420C. The product was
resolved on 5% polyacrylamide gels.
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RESULTS

The sequencing strategy, genomic organization, and computer-generated partial
restriction map of the prosaposin locus are shown in Figure 4. The computer
generated restriction map corresponded well to that obtained by Southem blot
analyses of genomic DNA using the prosaposin cDNA. As expected, the intonic
EcoR 1 fragment near the saposin C region was never detected. Two partial
genomic clones were sequenced entirely. These clones contained about 96% of the
transcribed mRNA sequence and about 99% of the coding region for the prosaposin
translation product. Clone A (Fig. 4), obtained from an EMBL3 fibroblast genomic
library, was about 17 kb. Its 5' end was within the first intron of the saposin A
region and included all regions for saposins B, C and D as well as 3' untranslated
sequence. Clone B (Fig. 4), obtained from a chromosome 10 specific library, was
about 2.7 kb. Its 5’ end was in the first intron of our sequence and the 3' end
terminated in the second intron. To obtain the sequences between Clones A and B,
PCR amplification of genomic DNA was conducted. PCR 1 (Fig. 4) spanned the
most 5' exon of our sequence and the first exon of saposin A. PCR 2 (Fig. 4)
spanned the first two exons of the saposin A region. A total of 19,985 bp were
sequenced. From primer extension studies, two cap sites were identified at 76 and
100 bp 5 to the initiating ATG. By sequence analysis, we could identify an
exon/intron boundary beginning 40 bp 3' to the initiating ATG. Together with the
primer extension studies, these findings indicate that about 140 bp of exonic
sequence are unaccounted for by the sequence in Figures 4 and 5. Extensive
screening of five different genomic and two chromosome- 10 specific libraries did
not provide additional 5' sequence to that indicated in Figure 5. Screening of these
libraries included the use of two short (198bp and 78bp) probes containing the most
S’ end region of the cDNA. None of the clones identified with these probes
contained prosaposin sequence, which was 5' to clone B. In addition, multiple
PCR primers within the first intron (Fig. 4) and from the "ATG containing exon"
(Fig. 5; first line) did not result in consistent products for sequence analysis.
Several attempts at reverse PCR were undertaken. For these studies we used
restriction endonucleases, which were predicted to have cleavage sites in the first 30
bases downstream from the ATG. Circularized DNA from such partial restriction
digests yiclded no sequencible products. Since we can consistently obtain PCR
products of 2 to 3 kb from genomic DNA, the above results suggest that the region



42

between the 5" end of the first sequenced intron in Figure S and the ATG is likely 10
be greater than 2 or 3 kb. This suggests that this first intron (Figs. 4 and 5) is
greater than 4 kb. These results also suggest that the 25-to 40-bp region
surrounding the ATG contains additional introns and small exons.

FIGURE §.

The sequence of the prosaposin chromosomal gene. About 99% of the coding
region is contained in this sequence. About 140 bp of exonic sequence at the 5' end
have not been found. The first line of the sequence shows the 5' end of the
prosaposin cDNA which includes the initiating ATG (in bold). This "ATG
containing exon" is likely to contain additional exons and introns. The exons are in
uppercase letters and are underlined with solid lines. The two Alu consensus
sequences are underlined by a dotted lines. The 3' stop codon (TAG) is indicated
in bold.
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Figure 4 shows the genomic organization of the prosaposin locus derived from the
complete sequence data (Fig. 5). The sequenced region contained 13 exons varying
in size from 57 to 119 bp. No differences were found between the sequences of the
exons in Figure 5 and those reported for the corresponding cDNA sequences. The
introns were from 91 to 3812 bp in size, with the largest introns (2126 and 3812
bp) in the saposin B region and the smallest (91 bp) in the sequence between the
saposin C and D regions. None of the inron/exon boundaries were located exactly
at the beginning or end of the respective mature saposin regions, although only one
or two codons of non-saposin A or non-saposin C sequence, respectively, were
present at the 5' end of these regions. The regions containing the exons for
saposins A, B and D each had two introns, whereas that for saposin C had only
one. Each of the intron/exon boundaries conformed to the gt/ag rules (Table 1).

To search for related sequences in the entire prosaposin, the Compare program in
the Wisconsin package and the MacMolly program were used. Except for repetitive
sequences and the saposin exonic regions, no convincing duplications were found.
In addition, the entire prosaposin sequence contained only two Alu consensus
sequences and these were in the reverse orientation (Figs. 4 and 5). One Alu was in
the second intron of the saposin A region and had 89% homology to the consensus
Alu sequence (Jurka and Smith, 1988; Britten et al., 1988). Similarly the other Alu
sequence was in the first intron of the saposin B region and had 92% homology to
the consensus Alu sequence. For a sequence of ~20 kb, about 4 to 6 Alu sequences
would be expected. Short tandem sequences of attt repeats were found in the first,
fourth and seventh introns (Fig.4).



Table 1: Intrcons/Exon Boundries of Prosaposin Gene

cDNA ZXON intren intren Exon .2z
Base

]
40 acctcctcacgtrggttccattttag CTCTA »1787
174 CAGTG g@tgagt..acaaacttctcgrattctrzctcttag AAATC 2441
249 CTGAG gtgagc..gattctgaccctggtgtccrctcgrag GAGGA 94
375 AAATG gtaagt..c-agcaggactoItttccatcccaccag AGCCS 2346

276 CAAAG gtaaga..:--gcaaacctaactgccoIttctgtag GATAA LT

720 ACATA gtgagc..:tttagcaatctgtttctcictcctcag TGCAA 2126
777 ACATG gtagga..tgactggttgttctgtgcictctrtcag CAACC 3812
909 TTAAG gtacct..agtactctccttctactctttccacag AAGCA 1539
1005 CTGAG gtatgc..ctcacacgatcctctcgtgrgtttcag AAAGA 3128
11392 GACCG gtgagc..cgttgagcccgctgeccecttatgrag TTCAC a1
1350 AGCAG gtacgc..gacctgtgtccccacttrcocttratag TGTGA 354
1431 GCTTG gtgagc..ttcttctrtccttttctcaccatatag AAAAT 305
1539 GCAAT gtgagt..taaactcagcttcctctcicctaccag GCTGT 1136




A QTMKPTQ(SWIWW&"&EILWLBKT COWLPKPNMSASCKEIVDSYLPVILDI IKGENSRPGEVCSALNLCES
B PRSKPQP@NW!MIQTAVRTNSTWOALVEW&CDRLGPG MADJCKNY ISQYSEIAIQMMMH. N, QPKEICALVGFCDE
Cc1I usvaKsoWCWc:rx.vmrmomreux LDAFDXM. CSKLPKS . LSEECQEVVDTYGSSILSILLEEVS. PELVCSMLHLCSG
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FIGURE 6.
The alignment of the intron positions in the human saposin A, B, C and D amino acid sequences.
The introns positions are indicated by double ended arrows. The mature saposin sequences are contained in the stippled area.
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DISCUSSION

Several laboratories have characterized cDNAs encoding the multifunctional human
prosaposin from fibroblast and hepatic sources (O'Brien er al.. 1988 Nakano er al.
1989; Rorman and Grabowski 1989; Reiner er al. 1989). These cDNAs differed
by the insertion of 9 bp (three codons) within the saposin B exonic regions
(Nakano et al., 1989) (Fig 5). In an effort to gain insight into the evolutionary
relationships of the human and murine analogues of prosaposin, into the gene
organization, and into the origin of the above 9 bp insertion, the bulk of the human
prosaposin genomic sequence was determined. A cryptic splice site was indicated
in the center of the second intron of the saposin B region by: 1) analysis of the
present sequence, 2) the partial DNA sequence saposin B (Holtschmidt er al.,
1991) and 3) a 33 bases insertion, that included the above 9bp, in the cDNA of a
patient with saposin B deficiency (Zhang et al., 1990). This splice site has low
frequency usage during normal mRNA processing leading to cDNAs with a 9 pb
(in-frame) insertion. Activation of this cryptic splice site also accounts for a 33 bp
insertion leading to the aberrant function of the mature, albeit mutant, saposin B in a
metachromatic leukodystrophy-like disease (Zhang er al. 1990).

Comparison of the human and murine cDNAs for prosaposin or sulfated
glycoprotein 1, SGP-1, demonstrated extensive regions of homology, which
preserved the four-region structure for saposins A, B, C and D (Collard et al.,
1989, Rorman and Grabowski, 1989) (Fig. 3). The major difference in the
sequences was a 90-bp region encoding 30 amino acids in the murine Sertoli cell
SGP-1, which was absent in the human cDNA from fibroblast or hepatic sources.
If present, this 90-bp region would be localized to the intron between the saposin C
and D regions in the human sequence (Fig. 3). Although there is a 91 bp intron in
this region, examination of this sequence did not reveal homology to the murine
cDNA, which would account for the absence of codons encoding this "proline-rich”
domain (Collard er al., 1988). Consequently, the absence of this domain in the
human prosaposin protein encoded by cDNAs from fibroblasts or hepatic sources
(O'Brien et al., 1988; Nakano er al., 1989; Rorman and Grabowski, 1989; Reiner
et al., 1989) cannot be the result of tissue-specific alternative splicing, but rather
the loss of the sequences that encode this domain.



Since the mature saposins have a very high degree of amino acid similarity (70 to
95%), it is likely that they arose by gene duplication from an ancestral gene. If this
duplication arose after the introduction of introns, the sequence and/or position of
the intron insertion within the exonic sequences would be expected to have been
preserved. Comparison of the sequences surrounding the intron/exon boundaries
(Table 2 and Fig. 5) did not reveal any extensive regions of sequence similarity.
However, the positions of the introns relative to the amino acid sequences could be
aligned between the different saposins (Fig. 6). For example, the first intron
positions in the saposin A and B directly correspond, whereas the second intron
position of saposin A aligns with the analogous intron in the saposin C region.
Figure 6 indicates the alignment of the other intron positions in saposins A, B, C
and D. A scheme to explain how the saposins may have arisen from a single
ancestral gene (e.g. saposin B) is shown in Figure 7. This scheme requires the
ancestral gene to have been duplicated prior to the introduction of introns.
Following the insertion of introns (Fig. 7) into Saposin B and C predecessors, the
entire gene would have been duplicated in tandem to produce the final order of the
saposin regions. A gene rearrangement resulting from a double crossover would
have produced the alignment of intron positions (Fig. 6), if the crossovers occurred
between the first and second and between the second and third intron positions of
the saposin B- and C-like regions. These results provide support for the contention
that the saposins arose by gene duplication(s) of a very ancient ancestor gene.
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FIGURE 7.

An evolutionary model to account for the maintenance of the intronic positions in the amino acid
scquences of the saposins. (I) An ancestral gene thal was a precursor of the saposin B region. (I1I)
A saposin B (upper, stippled) and C (lower, solid) tandem duplicated version of (I) into which
introns (vertical boxes) have been inserted. (III) and (IV) indicate a rearrangement mechanism
that reshuffles the intronic positions to obtain the alignment in Figure S. The sequences derived
from either the saposin B or C precursors are indicated by shading. (IV) Requires duplication of
the tandem structure in (II) to produce the intron insertion alignment shown in Figure 6.
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Conclusions

Studies of the small, heat stable activator protein, saposin C, using pulse-chase
labeling gave the first hint that the locus on chromosome 10 encodes a large
precursor protein [81,82]. When the amino acid sequence for saposin C and partial
amino acid sequence for saposin B became available, a comparison of the two
showed high homology, especially in the location of the cysteine residues and N-
glycosylation sites [(89]. These observations suggested a possible evolutionary
relationship between these two proteins involved in sphingolipid degradation.
Using molecular biology techniques to isolate the cDNA of the saposin C confirmed
that one open reading frame encodes four, highly homologous protein domains {60-
63].

In this chapter the genomic organization and a model for the evolution of the
prosaposin gene will be discussed first, followed by the different steps from DNA
to the mature proteins. The last part will discuss the known and more speculative
functons of the different proteins encoded by this unique domain.

A. Genomic Organization and Evoldtion of the Prosaposin Gene

1. Genomic Organizaton

The prosaposin gene was localized to chromosome 10 q21-q22 [83,84]. The
genomic organization of the 19,985 bp-long region coding the four protein domains
and the carboxyl-terminus of the signal peptide includes 13 exons ranging in size
from 59 to 119 bp, with the size of the introns ranges from 91 to 3812 bp. The
four protein domains encoded on prosaposin are highly homologous; in each one
there are 6 cysteine residues, N-glycosylation sites and proline residues which are
placed in similar locations. In addition, 80% identity was found between the
human cDNA and a rat cDNA encoding for sulfated glycoprotein-1. These finding
suggest one anscetral gene which underwent duplication through evolution. The
location of the only two Alu repetitive sequences cannot explain the duplication of
the four domains, although gene duplication followed by various DNA
manipulation such as nucleic bases substitutions or crossovers have an important
contribution to evolution of the genetic system. It is estimated that only 1,000-



10,000 primordial domains, e.g. exons, may have been sufficient for the structure
of all existing proteins [93,94]. It is therefore highly unlikely, that the four saposin
coding regions arose independently. While the sequence and size of the introns do
not show any similarity, examining of the location of the introns in respect to the
exonic sequence suggest an explanation for the evolutionary evolvement of this
locus.

2. Model for the Evolution of Prosaposin

Intron location in respect to exonic sequence is conserved in many gene families
such as the globin gene family [95,96], as well as in closely related genes. For
example, the a and B chains of B-hexosaminidase have overall structural and
functional similarities suggesting a common evolutionary origin, which is
supported by their genomic structure. The exonic sequence of both genes reveals
that 12 out of the 14 exons have 63% identity, moreover, 12 of the 13 introns

:errupt the coding regions at homologous positions [97]. Another example of two
lysosomal glycohydrolases which have similar function and are highly conserved in
their structure and intron placement is that of a-galactosidase A and a-N-
acetylgalactosaminidase, which show an overall 46.9% amino acid identity. The
structural organization of the genes reveals that all six introns of a-galactosidase A
are located in identical positions on the exonic sequence as do their counterparts in
the a-N-acetyigalactosaminidase gene, the latter containing two additional introns in
the 5' and the 3' ends of the sequence [98]). When all four domains of prosaposin
are optimally aligned, the location of the prosaposin introns reveals an interesting
pattern. As shown in figure 6, the introns S’ to saposin A and B, and the introns 5'
of saposin C and D, are in identical exonic location, as well as the first intron of
saposin A and the only intron of saposin C. In addition, the first introns of saposin
B and D as well as the last introns of saposin A and B, have identical locations with
respect to the coding sequence. Using this pattern as a guide, the following
evolutionary model is suggested (figure 7); One ancestral gene was duplicated
followed by insertion of introns in a pattern similar to the one in saposin B and C.
Then, another duplication of the two domains in tandem created all four domains
followed by a double crossover which brought the organization of the gene to its
present one.
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It is now clear that the gene, in its present form, is a single transcription and
transiaton unit.

B. Post-Translational Processing

1. Targeting to the Lysosome and Lysosomal Processing

As prosaposin is translated and inserted through the endoplasmic reticulum
membrane, its signal peptide is clipped. The 16 amino acid long signal peptide was
predicted from the cDNA sequence [{61,62], and its cleavage site was recently
confirmed by N-terminal amino acid sequence of prosaposin obtained from human
milk which starts at Gly17 [99]. Addition of the mannose-6-phosphate group in the
Golgi compartment directs the precursor protein into the lysosome via the mannose-
6-phosphate receptor pathway. As with many lysosomal proteins, final maturation
of the saposins requires proteolytic processing in the lysosome. Supporting data
for the path described above come from finding of the precursor protein in the
media of I-cell disease fibroblasts and normal fibroblasts treated with NH4Cl
(81,85]. The order and exact sites of the proteolytic clipping is not known yet, but
it is likely that endoprotease activity occurs around the basic amino acid residues
that are present between saposin A and B, saposin B and C and saposin C and D
followed by exoprotease trimming to obtain each protein. An example of a well
studied post-translational processing where a similar sequence of events was
shown, is that of the human B-hexosaminidase. The enzyme is composed of two
subunits; the a subunit comprised a major polypeptide (Mr=56,000) and a minor
polypeptide (Mr=6,000) connected through a disulfide bond. The B subunit
comprised three polypeptides, Mr = 11,000, 19,000 to 26,000, and 28,000, which
are also connected through disulfide bonds. Both the a and the B subunits are
synthesized as precursor polypeptides, pro-a and pro-P, respectively. After
clipping of the signal peptide in the endoplasmic reticulum, extensive proteolytic
processing in the lysosome takes place. The pro-a chain undergoes an internal
proteolytic cleavage followed by a carboxy-terminal rimming in some tissue, ¢.g..
placenta. The pro-f subunit undergoes two internal cleavages followed by minimal
or no amino-terminal processing and carboxyl-terminal trimming, the latter process
is tissue specific as studies of the placental enzyme indicate [100,101). Another
example of post-translational processing in the lysosome is that of lysosomal



endopeptidases, which are synthesized as inactive proenzymes. A single-chain
active enzyme is then generated which can undergo a tissue-specific asymmetric
cleavage in the lysosome to yield a two-chain active form. The rato of single-chain
enzyme to two-chain form varies between different tissues and species {102].

2. Secretion of Prosaposin

Another interesting aspect of the prosaposin processing is the fact that the precursor
protein is secreted from various cells and is found in body fluids and different
tissues, i.c., plasma, semen fluid, bile, pancreatic juice, milk, testis, cerebral gray
matter, liver, and spleen [86-88] where it may have distinct function(s). This
implies that either some of the precursor form does not follow the route into the
lysosome but instead is secreted out, or that after reaching the lysosome some of the
precursor protein escapes the last maturation step and is secreted out from the
lysosome. It is well documented that all lysosomal enzymes are secreted to some
extent, the secreted form is the proenzyme that has lost its signal peptide and bears
the mannose-6-phosphate group [for Review: 103,104]. Therefore, it is thought
that some percentage of lysosomal enzymes which use the mannose-6-phosphate
receptor path escapes it by an unknown mechanism. Since there are mannose-6-
phosphate receptors on the cell surface, the secreted enzymes can return into the
lysosome by endocytosis. Such an example is the precursor form of P-
hexosaminidase which is found in cell medium, and may even be active in this early
biosynthetic form [105]). Another example is the lysosomal endopeptidases which
are also secreted during biosynthesis, in most cells the proenzyme form is secreted.
These inactive proenzymes forms, under certain physiologic conditions, may
undergo conformational changes and become activated [102]. The prosaposin form
found in various tissues and body fluids has a very similar tertiary structure as the
one sent to the lysosome {87,99]. This implies that the prosaposin, in analogy to
other lysosomal proteins, escapes the mannose-6-phosphate receptor path. More
detailed studies are needed to determine the nature of the carbohydrate and
phosphate groups that are attached to the secreted polypeptide backbone. At this
stage of the research, the physiological function of prosaposin is not known and
therefore its activity cannot be assessed (see Discussion section C4). Since the
saposins are probably needed to activate lysosomal hydrolases in all tissues and
prosaposin is found only in a few, than secretion of prosaposin is an additional,
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regulated, tissue-specific process. As was described above for B-hexosaminidase

and endoproteases, tissue-specific processing occurs in lysosomal proteins.

3. Post-Translational Regulation

Tissue-specific regulation was also suggested from the observation that the various
activator proteins are elevated to different extents in tissues from lysosomal storage
diseases. Since all four proteins are found on one transcription and translation unit,
the level of each specific saposin must be regulated by a post-translational
mechanism. The sequence of proteolytic events that produces the small activators
might be under saposin-specific control in respect to the presence or absence of a
specific lysosomal hydrolase, or to the accumulation of a specific substrate. In this
case, after the formation of a mature saposin or a saposin that is not totally
processed by proteases, its stability might depend on the local environment, i.e.; the
tertiary structure of the protein, its accessibility and susceptibility to proteolysis,
and the existence of proteases. The latter mechanism may imply that the regulation
of prosaposin is a by product of regulation of expression of proteases. Since the
intralysosomal level of proteases varies between tissues, as was described above
for endopeptidases (see Discussion section B2 and B3), the availability of the
proteases involved in prosaposin processing may vary. This will yield different
quantities and quality of the products generated from the prosaposin precursor
protein.

C. Function of the Four Saposins and the Precursor Protein

1. Eunction of Saposins as Measured In Vitro

In vitro assays defined the activation capacity of each saposin: Saposin A was
reported to activate acid B-glucosidase and B-galactosidase when galactosyl
ceramide is the substrate [59]. Saposin B was found to increase the hydrolysis of
galactosyl sufatide by arylsuifatase A, GM] ganglioside by acid B-galactosidase
and globotriaosyl ceramide by a-galactosidase [67,106-108]. Saposin C activates
acid B-glucosidase, B-galactosidase towards the hydrolysis of galactosyl ceramide,
and under some assay condition, sphingomyelinase [58,65-67]. Saposin D was
reported to specifically stimulate sphingomyelinase [108,109]. The mechanism of



activation is different among the saposins. While saposin A, C and D bind to the
enzymes {69,77,109-111], saposin B binds to its substrates and acts as a detergent-
like agent in solubilizing lipids [71-73]. Wynn [39] explained the specificity of
interaction between saposin B and its substrate by a triple-binding-domain model
where hydrophobic interactions, electrostatic interactions, and hydrogen bonding
between sugar residues are important. Supportive data for this model came from
binding studies which indicate that saposin B is a nonspecific glycosphingolipid
binding protein [112]. As described in the introduction to this work (see
Introduction section A1), a similar binding domain was proposed for phospholipid

transfer protein which interacts with phospholipids {38}, and to the active site of
acid B-glucosidase {34,36].

2. Mutations Causing Saposin Deficiency Di

The physiologic role of saposin B and saposin C was demonstrated by their
deficiency states. The deficiency of saposin B causes a variant of Metachromatic
Leukodystrophy (MLD) disease [108]. The deficiency of saposin C causes a
variant of Gaucher-like disease [8,9,10]. Until now, five mutations have been
described as the cause of saposin deficiency diseases, the mutations are listed in
table 2.



Table 2: Mutatons Causing Saposin Deficiency Diseases

Deficiency Nucleic Acid Change Amino Acid Change Ref.
of base # as counted as counted from
from ATG the first Met
SaposinB 650 CuwoT Thr216 10 lle 113
Loss of a glycosylation
site.
Saposin B 33 bp insertion 11 amino acid insertion 114,115
between 777
and 778
Saposin B 722 GuwoC Cys241 1o Ser 116
Saposin C 1154 GwoT Cys385 to Phe 117
found in
heterozygous
state only.
Saposin C 1 AtoT No in-frame translation 118
and B destroys the initiation
codon.

Except for the mutation at the initiation codon, all other mutations have a unique
affect on one of the four protein domains and thus impairs the function of only one
of the saposins. In addition, all mutations must change the prosaposin amino acid
sequence. Elimination of the glycosylation site of saposin B [113] may change the
folding properties of the protein before and after its proteolytic processing in the
lysosome. Insertion of 11 amino acids [114,115] causes significant changes in the
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hydropathy profile and probably produces an unstable protein. The source of the
nucleic acid insertion is in the second intron of the saposin B region {119,120]. It
is interesting to note that a 9 base insertion, corresponding to the last nucleotides of
the 33 bp insertion, occurs in normal individuals {61]. Both insertions skip the
same splice site but activate two different cryptic splice sites. Two mutations
changed conservative cysteines, the one in the sequence of saposin B substitutes a
serine {116], and the other one in the sequence of saposin C substitutes a
phenylalanine [117]. Elimination of a cysteine residue can disrupt the formation of
a disulfide bridge and cause a severe change in the compact tertiary structure of the
saposin creating an unstable protein. This is supported by the observation that in
both reports the patients had no CRIM for the mutated saposin, but no effect on any
other saposin that was tested was observed [8,116,117). The last mutation
described an elimination of the translation initiation Met [118]. This creates a
situation where neither the prosaposin nor any of the activator proteins exist, which
indicates that the functions of those proteins are important but not crucial for
embryonic development.

3. Saposin B and C and their Potential Invol in Other Genetic Di

From the above studies it is clear that saposin B has a physiological role in the
hydrolysis of galactosyl sulfatide by arylsulfatase A, and saposin C in the
hydrolysis of glucosyl ceramide by acid P-glucosidase. Mutations in those
enzymes cause various forms of MLD and Gaucher disease. As described in the
introduction to this work (see Introduction section A2), about 30 Gaucher disease
alleles have been described but, there is no clear correlation between most
genotypes and phenotypes. A brief introduction and update on the current research
of MLD will be described here; the substrate for arylsulfatase A, galactosyl
sulfatide, is found mainly as a component of the nervous system and is accumulated
in MLD patients in the white matter of the central nervous system and in peripheral
nerves [121). There are three forms of the disease distinguished according to the
age of onset: late infantile onset at 1 to 2 years of age, juvenile onset at 3 to 16 years
of age, and adult onset between midteens to the seventh decade. There is a wide
range of clinical manifestation of the disease with various neurological symptoms
such as weakness, ataxia, progressive spastic tetraparesis, optic atrophy, and
dementia. There are also various degrees of psychological symptoms such as



schizophrenia and depression. A correlation between the late infantile form and an
allele that had three single base substitutions in the gene encoding arylsulfatase A
was established [122]. Of the three changes one was a polymorphism, another one
had no affect on enzymatic activity, but the third one caused the loss of a splice
junction. This allele does not encode a functional arylsulfatase A and in the
homozygous state it causes the most severe form of the disease, the late-infantile
form. A second MLD allele is a result of a point mutation which reduces the
enzymatic activity of arylsulfatase A to 3% as compared to the normal allele.
Individuals who are homozygous for this allele may have either the juvenile form of
the disease or the adult form. Such variability can occur even within one family
[122,123). A similar situation was observed in Gaucher disease; siblings who have
the identical genotype at the acid B-glucosidase locus but very different progression
rates of Gaucher disease [124]. These discrepancies between the genotype and the
phenotype imply that in addition to the locus encoding the defective enzyme,
another locus may play a role in modulating the enzymatic activity in vivo, the
prosaposin locus is a natural candidate. To explain phenotypic vanability between
patients with identical genotype a change in the modulator protein is suggested. For
example, minor changes in the amino acid sequence of saposin may alter in vivo
enzymatic activity . Only one change in the nucleic acid sequence of saposin B was
observed in cDNA from normal individuals. This is a 9 bp insertion caused by
alternative splicing {61,116]. Although, the amino acid sequence for saposin B
does not contain the 3 amino acid insertion [125], the cDNA insertion was found
frequently enough to suggest a functional change. If the saposin B with additional
3 amino acids can function as an activator protein, it may have a different affinity
and interaction with the substrate, and thus change the specific activity of
arylsulfatase A.

4. Function of Prosaposin

The function of prosaposin is not known yet. According to a few reports
prosaposin does not have any activator function similar to the four saposins
[88,99]. As was mentioned earlier in this work, the precursor form is found at
different levels in human tissues and body fluids. High amounts of prosaposin was
found in human plasma. During all stages of the developing rat brain, some level
of prosaposin is detected though, the ratio of precursor to mature forms increases



during development {86]. Prosaposin is most abundant during the stage of
neuronal differentiation, it is also found in cerebrospinal fluid [87) which may
suggest a role in differentiation of neural cells. Prosaposin is also found at high
levels in human milk immediately after delivery and towards the mature milk
lactating period (87]. A highly homologous rat protein, sulfated glycoprotein-1, is
one of the major proteins secreted from sertoli cells but its function is not known
yet [126]. Collard and coworkers proposed that since the sulfated glycoprotein-1 is
secreted into the aduminal compartment of the seminiferous tubule during
spermatogenesis, it may play a role in spermatogenesis by binding to glycolipids
which are found on the cell surface.

The limited data from the reports on the location of prosaposin and estimation of the
level of expression cannot provide a clear idea for the function of the protein. From
the amino acid sequence, the structure of the protein may suggest that it contains
binding sites which are also used by the small saposins. For example, the binding
site of saposin B was shown to have non-specific affinity to different glycolipids,
using their sugar residues. If this domain is available in the prosapsin molecule, it
may play a role in the binding of different glycolipids which are found on cell
surfaces and are thought to be involved in differentiation processes.
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