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ABSTRACT

Prosaposin is a multifunetional glycoprotein with different molecular masses and dual

destinations. A 65 kOa form of prosaposin is targeted to lysosomes and converted

by partial proteolysis, into four smaller non-enzymatic sapesin A-O required for the

hydrolysis of glycosphingolipids. However, the 65 kOa protein may be further

glycosylated ta a 70 kOa secretory form that is found in various biological fluids and

suspected ta have atrophie activity. Mutations of the prosaposin gene are linked to

severa1Iysosomal disorders. This thesis examines various aspects of the synthesis,

targeting and fundion of prosaposin, and for practiesl purposes, the results and

discussion were divided in three main sections. The tirst part deals with the eloning

of the mouse prosaposin gene, the analysis of its transcribed mRNA and translation

products. The second section examines the mechanism of targeting of the 65 kOa

protein to lysosomes using mutagenic analyses. The third part deals with the effect

of the inactivation of the prosaposin gene on the development of the male

reproductive system. Sequence analysis revealed that the mouse prosaposin gene

is over 20 kb in length and composed of 15 exons and , 4 introns. Two forms of

altematively spticed mRNA (including or excluding exon 8) were found by RT·PCR in

a tissue specifie manner. Structure analysis and secondary structure predictions

among mouse, rat and human prosaposins iIIustrated a common framework of amino

acids forming amphiphatic helices enclosing an internai hydrophobie core implicated

on their interaction with lipids. Mutagenie deletions of fundional domains of
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prosaposin demonstrated that its C·terminus was required for the Iysosomal targeting

of this protein. Further evidence from chimenc constructs of albumin attached to

vanous functional domains of prosaposin, suggested that the C·terminus plus at least

one saposin domain are necessary for the targeting of albumin to lysosomes.

Investigation of the effect of prosaposin gene inactivation (./..) demonstrated that this

protein is involved in the development and maintenance of the testis, efferent ducts,

epididymis, seminal vesides and prostate gland. In the prostate, prosaposin appears

to be involved in the activation of the mitagen adivated protein kinase (MAPK)

pathway.

Il
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Résumé

La prosaposine est une glycoprotéine de poids moléculaires variés et de

fonctions multiples. La molécule de 65 kOa est destinée aux lysosomes où elle

est fractionnée en quatre fragments non-enzymatiques, les saposines A-O qui

agissent sur l'hydrolyse des glycosphingolipides. Par ailleurs, cette prosaposine

65 kOa peut-être glycolysée en une molécule de 70 kOa sécrétée dans certains

liquides tissulaires qui semblent posséder des actions trophiques. Des mutations

du gène de la prosaposine sont responsables de nombreuses anomalies du

système Iysosomial. Le présent mémoire, qui concernent la synthèse, le ciblage

et les fonctions de cette protéine, est divisé en trois chapitres composés d'une

introduction, des résultats et d'une discussion. Le premier chapitre concerne le

clonage du gène prosaposine de souris, l'analyse de la transcription du mRNA et

le transfert des produits qui en dérivent. Le second chapitre étudie le mécanisme

de cibtage de la prosaposine-65 kDa vers les lysosomes, en utilisant des

mutations expérimentales. Enfin le troisième chapitre aborde le sujet des

conséquences des gènes de la prosaposine sur le système reproducteur mâle.

L'analyse du gène prosaposine démontre l'existence d'une séquence de

molécules dépassanr 20kb possédant 15 exons et 14 introns. Deux formes

d'épissages alternatifs du mRNA (i.e.incluant ou excluant l'exon 8) ont été

obtenues par le PCR..RT qui produisent des actions tissulaires sélectives.

L'analyse structurale des prosaposines de souris, de rats, et d'hommes révèlent

III
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des structures hélicoïdales internes hydrophobes, ce qui suggère une interaction

de ces protéines avec les lipides. La suppression de segments de prosaposines

démontre que l'existence des domaines terminaux-C de ces protéines sont requis

pour leur ciblage intracellulaire. D'autres données, obtenues par la construction

d'albumines chimériques liées à diverses fractions de la saposine, montrent que

les terminaisons-C sont nécessaires au ciblage de ces albumines aux lysosomes.

Finalement. une étude de l'inactivation de gène prosaposine(-/-) démontre que

cette protéine est impliquée dans le développement et le maintient fonctionne des

testicules, canaux efférents. épipidymes. vesicules séminales et prostate. Dans

le cas de la prostate, la prosaposine semble impliquée dans la voie mitagen

activated protein kinase (MAPK).

iv
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1.1 Introduction

Prosapasin, al50 known as sulfated glycoprotein-1 (SGP-1) is an intriguing,

ubiquitous, and highly conserved protein believed to be involved in a variety of

biological processes, incJuding lipid transport, sperm maturation and sphingolipid

degradation (1). Two existing forms of prosaposin have been identified. Both

derive trcm the same gene and their different oligosaccharide side chains aceau"t

for their distind molecular weights. A 70 kOa secretory form, is present in several

body fluids, such as in milk [2], cerebrospinal fluid [3], seminiferous tubule fluid [4]

as weil as in the secretion of the prostate gland [5]. However, little or no

information is available on the fundion of this secretory prosapasin. Another

existing form is a 65 kOa protein, considered the Iysosomal precursor of four

smaller proteins. Thus t after partial proteolysis, prosaposin gives rise to four

smaller adivator proteins in the lysosomes, designated as sapasin A, B, C and O.

The function of Iysosomal sapasins is either to solubilize certain membrane

glycolipids or to form complexes with Iysosomal enzymes and/or their glycolipid

substrates to promote their degradation [6]. The physiological significance of

sapasins as glycosphingolipid activators has been linked to IWo known Iysosomal

storage diseases. Deficiency of sapesin C causes a variant form of Gaucher's

disease [7] and lack of sapasin B gives rise to metachromatic leukodystrophy [8].

No deficiencies of saposin A or 0 have yet been reported. However, a genetic

disease caused by the complete absence of prosaposin in human [9] and a

genetic deficiency caused by the inadivation of the prosaposin gene in mutant

homozygous mice [10] resulted in multiple glycolipid elevation, incJuding

2
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lactosylceramidosis with normal sphingomyelinase adivity.

The existence of two forms of prosaposin suggests that there are at least

two different trafficking pathways for prosaposin: a direct delivery of prosaposin

trom the Golgi apparatus to the lysosomes and a secretory routing from the Golgi

apparatus to the extracellular compartment [11]. Existing evidence also suggests

that there may be a delivery pathway of prosaposin to the lysosomes via receptor·

mediated endocytosis [12J. In summary, the elucidation of the mechanisms of

transport of prosaposin ta the lysosomes or to the extracellular space is still

compelling.

Recently, prosaposin was found in the nervous system and proposed ta be

a neurotrophic factor stimulating neurite outgrowth in murine cells and choline

acetyltransferase (ChAT) adivity in human neuroblastoma cells [3]. Prosaposin

was also found to protect hippocampal neurons from lethal ischemic damage [13].

Furthermore, prosaposin and an internai sequence called the neurotrophic peptide

were demonstrated to adivate the MAPK pathway by a G·protein dependent

mechanism in Schwann cells [14]. As a matter of fad, prosaposin is expressed in

high levels in the brain as weil as in the testis and other organs of the male

reprodudive system. Thererore, it would be important to determine if the

secretory form of prosaposin present in seminal ftuids has atrophie fundion in the

male reprodudive organs as weil.

To answer these questions, and eventually to develop strategies for

therapeutic intervention in Gaucher's and metachromatic leukodystrophy

associated to prosaposin genetic defects, it is important to obtain information on
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the gene encoding for this protein. Therefore, the following objectives are

pursued in the present study:

,. To characterize the structure of the mouse prosaposin (SGP...1) gene

Il. To study the conservation of prosaposin among different species

III.To determine the targeting signal responsible for delivering prosaposin

to lysosomes

IV.To assess the role of prosaposin in the development of male

reproductive organs by examining the effects of inactivation of

prosaposin gene

1.1.1 Objective.

Since prosaposin is a Iysosomal resident protein, the first objective of this

review is to discuss the structure, function and biogenesis of lysosomes. In

addition, other functions of lysosomes will be addressec:l such as information on

Iysosomal resident proteins. relationship between the endosomal and Iysosomal

compartments, targeting pathways of Iysosomal proteins including soluble

hydrolases and Iysosomal membrane proteins.

ln addition ta saposin A...D. the GM2 activator is another Iysosomal

glycosphingolipid activator protein involved in the degradation of

glycosphingolipids. Its function and medical relevance will al50 be discussed.

Finally, the focus will shift to prosaposin and sapasins, the main subject of

this thesis. This part will include a summary on the biosynthesis and intracellular

processing of prosaposin, tissue distribution, and possible roles of the secreted
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prosaposin. The structure and funetion of saposins, mechanisms of action of

saposins, prosaposin/saposin related diseases, interaction of prosaposin/saposin

with lipids will also be reviewed.

1.2 Structure and Function of Lysosomes

Lysosomes are intracytoplasmic acidic organelles containing more than 60

hydrolases and involved in the degradation of extracellular and intracellular

materials [15-17]. Lysosomes are also implicated in a range of other cellular

processes, including antigen presentation [18], bone remodeling [19], and

regulation of growth factors and hormones [20]. Under the electron microscope.

lysosomes are extraordinarily diverse in shape and size but can be easity

identified morphologically, histochemically and immunocytochemically [21].

Lysosomes are formed by four mechanisms: 1) bulk and receptor-mediated

pinocytosis involving plasma membrane flow by means of pinocytotic vesicles,

endosomes and multivesicular bodies (MVBs) [22]; 2) phagocytosis of particulate

matters, bacteria, erythrocytes, cellular debris, apoptotic ceIl, etc. [15. 21. 23]. 3)

autophagy involving ER membrane flow through autophagosomes [24]. While

pinocytosis exists in most cells [15] 1 phagocytosis occurs mainly in professional

phagocytes such as macrophages and Sertoli cells [15,23]. Autophagy occurs in

most cells although formation of lysosomes by this process is not always evident.

During endocytic flow, lysosomes acquire transmembrane proteins with

specifie functions such as proton pump ATPases [25], protective membrane

glycoproteins [26-28], and integral membrane hydrolases [29]. In addition,
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lysosomes receive from the Golgi apparatus. intraluminal activator proteins sueh

as the GM2 aetivator protein and prosaposin which promote the degradation of

glycosphingolipids by specifie hydrolases [30) [31). In summary. like ail other

intracellular organelles, the lysosomes not only contain a unique collection of

enzymes but also have aetivator proteins that promote the degradation of

macromolecules sueh as glycosphingolipids. Moreover. lysosomes have a unique

surrounding membrane. This membrane contains transport proteins that allow the

final produets of hydrolysis to diffuse to the eytoplasm [32-35). The Iysosomal

membrane aise contains a H+ pump that utilizes ATP to pump H+ into the

lysosome, thereby, maintaining a pH of about 5 (25). Most lysosome membrane

proteins are heavily glycosylated. to provide protection and maintain the integrity

of the Iysosomal membrane [31]. Oversll. lysosome is the destination point of

materials acquired during endocytosis, phagocytosis and autophagy.

1.3 Classification of Lysosomal Resident Proteins

According to their functions, Iysosomal resident proteins can be divided into

five groups as iIIustrated in Table l, whieh include Iysosomal soluble hydrolases

(such as proteases, glycosidases and lipases. etc.). 1ysosoma1 membrane

hydrolase (sueh as. Iysosomal acid phosphatase). Iysosomal activator proteins

(including saposins A-O and GM2 activator). Iysosomal membrane proteins

(including Iysosomal associated membrane proteins and Iysosomal integral

membrane proteins) and Iysosomal hyrogen pump protein. the H+ pump ATPase.

Their functions are listed in Table l.
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Table 1: Classifications of Lysosomal Resident Proteins

Resident proteins Examples Functions

Soluble hydrolases Nucleases Degradation of nucleic acids,
Proteases proteins, carbohydrates,
Glycosidases and lipids and other
Lipases macromolecules. Hydrolysis of
Phosphatases esters.
Sulfatases

Membrane hydrolas. Lysosomal Hydrolysis of phosphate groups.
Acid
Phosphatase

{LAP}

Activator protein. Prosaposin, Hydrolysis of glycosphingolipids
Saposins A, B, with short oligonucleotide chain
C and 0; GM2 and GM2 gangliosides
activator;

Lysosomal membrane Lysosomal Protection of the membrane
proteins associated from degradation.

membrane
proteins (Iamps

Lysosomal
integral
membrane
proteins (Iimps)

Hydrogen pumps ATPase- Transport of protons to maintain
H+ pumo the acidic cH
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1.4 Relationship between the Endosomal and Lysosomal ComP8rtments

Lysosomes are spherical structures of various sizes (O.2-0.4um in

diameter), with electron-dense content [21], acidic pH [36] and enriched in acid

phosphatases [15, 37-40). Endosomes. on the other hand, are electron-Iucent.

acid-phosphatase negative elements [15. 39). Multivesicular bodies (MVBs) are

intermediate structures between endosomes and lysosomes [21]. MVBs are

membrane bound structures containing numerous vesicles that pinch off trom their

delimiting membrane. A clear distinction between late endosomes and eany

MVBs is sometimes difficult. Treatment with NH.CI blocks the maturation of bath

endosomes and lysosomes. Treatment with leupeptin affects lysosomes but not

endosomes. These agents are sometimes used to allow the structural and

biochemical dissection of the endosomal and Iysosomal compartments [41, 42].

1.5 Targeting Pathways of Lysosomal Proteins

Targeting of newly synthesized Iysosomal proteins follows two routes: the

mannose 6-phosphate (M6P) depandent pathway and the mannose a-phosphate

independent pathway.

ln the M6P depandent pathway. newty synthesized soluble Iysosomal

enzymes leave the Golgi apparatus to late endosomesllysosomes bound to the

M6P receptor [43. 44). This reœptor recognizes proteins that acquired M6P

residues while tranversing the cis-Golgi compartment. M6P residues function as

high-affinity recognition signais for receptors that mediate the segregation and
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targeting to the lysosomes of soluble Iysosomal enzyme precursors.

Subsequently, the Iysosomal protein and receptor are transported in clathrin

coated vesictes [45-48J. These cargo vesictes fuse with endosomal membranes,

where the receptors release the Iysosomal enzymes due to the luminal acidie pH

of this compartment [43. 49]. The physiologie importance of this pathway became

evident with the finding of fibroblasts from patients with mucolipidosis Il (ML-II or 1

œil disease)[43) and mucolipidosis III (ML-III or pseudo-Hurler polydystrophy) [50).

lacking or exhibiting low phosphotransferase aetivity. the key enzyme responsible

for the synthesis of the mannose a-phosphate signal on Iysosomal enzymes.

Fibroblasts from patients with mucolipidosis Il and III secrete most of their

Iysosomal enzymes.

The mannose 6-phosphate independent pathway includes Iysosomal

membrane proteins, some Iysosomal hydrolases. prosaposin and yeast vaeuolar

proteins. In the case of Iysosomal membrane proteins. it is proposed that the

signais essential for the M6P receptor-independent Iysosomal targeting are

locatized in the cytoplasmie domain of the Iysosomal membrane proteins. There

are two known targeting routes: 1) Direct transport of Iysosomal membrane

proteins such as lamps (Iysosomal associated membrane proteins) and limp Il

(Iysosomal integrai membrane protein Il) [51J trom the trans-Golgi network to

endosomes and lysosomes. 2) Indirect transport of sorne Iysosomal membrane

proteins such as. LAP (Iysosomal acid phosphatase), limp 1 (Iysosomal integral

membrane protein 1). and lamp 1 (Iysosomal membrane glycoprotein 1. also

known as Igp-A, rat Igp, and chicken Iysosome-endosome plasma membrane
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protein 100, LEP 100) tram the trans-Golgi network to the œil surface and

subsequently to endosomes and lysosomes via endocytosis [26, 28, 29].

Some soluble hydrolases, such as glucocerebrosidase, are transported to

the lysosomes in l-cell fibroblasts [52] [53] and others, such as cathepsin L,

despite containing the mannose 6-phosphate tag, are secreted in certain œil

types [54, 55]. Targeting of prosaposin, is not yet fully clarified. However, it was

shown that prosaposin is targeted to the lysosomes in a M6P independent manner

whieh does not require glycosylation [4, 11, 12, 44, 56]. Evidence from studies in

I-cell disease suggested the existance of a M6P independent targeting pathway

[57, 58]. In the yeast S.cerev;sise, proteins are transported to the vacuoles by a

number of different pathways. which depends on motifs residing on specifie

domains of the vaeuolar proteins.

1.5.1 Mannose 6-Phosphate Dependent Lysosoma' Protein Transport

1.5.1.1 Mannose 6·Phosphate Receptors (MPRs)

Two distinct M6P receptors are involved in the targeting of Iysosomal

enzymes under the mannose 6-phosphate dependent pathway. According to their

molecular mass, they are referred to as MPR 300 [59] and MPR 46 (60).

According to their binding properties, the MPR 300 is cation-independent (CI) and

the MPR 46 is cation-dependent (CD). Thus, binding of certain ligands to bovine

and murine MPR 46, is favored by the presence of divalent cations under in vitro

condition, but not to the MPR 300 [60]. The MPR 300 is alsa referred to as

mannose 6-phosphate/lGF Il receptor, since it binds insulin-like growth factor Il
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(IGF Il) in addition to mannose 6-phosphate containing ligands [61-63). The

physiological significance of IGF II-binding by MPR 300 has not been elucidated

yet. and their putative functions are probably related to signal transduction and

clearance of IGF Il from the serum [64].

1.5.1.2 Roles of the M6P Receptors in the Tnln.port of Hydrolases

The M6P dependent sorting and transport of Iysosomal enzymes is

involved in severa1 pathways: (1) intracellular sorting of newty synthesized

Iysosomal enzymes, Le. segregation from the secretory pathway and transport to

the endosomal compartment, appears to be the major task of the M6P receptors;

(2) a minor fraction of newly synthesized Iysosomal enzymes are exported by

M6P-mediated-transport into the secretions of the cell; and (3) exogenous M6P

containing ligands may be bound at the plasma membrane and intemalized by

M6P receptors. Both M6P reœptors are involved in intracellular sorting, albeit

with different effieieney. In contrast, expert of newly synthesized Iysosomal

enzymes is a specifie function of the MPR 46, and intemalization of M6P

containing ligands is accompanied by the MPR 300 only.

1.5.1.2.1 M6P Dependent Intracellul.r Sorting of Newly Synthesized

Lysosomal Enzymes

Investigations of cultured human fibroblasts from patients with l-œll disease

(mucolipidosis Il) and pseudo Hurler polydystrophy (mucolipidosis III) [50],

unfolded the function of the M6P receptors in intracellular sorting of Iysosomal
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enzymes. In these patients, most of the newly synthesized soluble Iysosomal

enzymes are secreted due to an inherited deficiency of one of the enzymes

involved in the synthesis of the M6P sorting signal. Residual sorting of soluble

Iysosomal enzymes in sorne tissues of 1 cell patients, like in liver, has been

attributed to alternative sorting mechanisms [50].

ln certain murine tumor cells which express MPR 46 but not MPR 300,60..

750/0 of the newly synthesized Iysosomal enzymes are secreted [65].

Overexpression of MPR 300 in these 0811 lines efficiently corrected the sorting

defect and decreased secretion of newly synthesized Iysosomal enzymes to at

best 3% [66-69]. In contrast, overexpression of high levels of MPR 46 only partly

corrected the defect resulting in moderately reduced secretion of 30..35% of the

newty synthesized Iysosomal enzymes [69..73]. These independent observations

suggested that the MPR 300 was more efficient in intracellular sorting of newty

synthesized IY5Osomal enzymes than the MPR 46.

Sorting was al50 studied by loading cells with endocytosed antibodies that

bind to the extracytoplasmic domain of M6P receptors, to interfere with ligand

binding [72] [73]. In cell lines expressing bath MPRs, blockage of MPR 300 by

endocytosed antibodies caused missorting, whereas endocytosed antibodies

against MPR 46 did not affect intracellular sorting of Iysosomal enzymes.

Missorting due to antibody blockage of MPR 46 was evident only when MPR 300

had aise been blocked, or in cells deficient in MPR 300. These results suggest

that MPR 300 can compensate a blockage of MPR 46, but not vice versa.

The dominant role of MPR 300 in intracellular sorting of Iysosomal enzymes
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in cultured cells raised considerable doubt about the physiologiesl relevance of

MPR 46 for intracellular sorting in vivo. This question has been addressect by the

generation of transgenic mice that are deficient for MPR-46. but expressing

normal levels of MPR 300. In one strain of homozygous MPR 46 deficient mice

the intracellular levels of several Iysosomal enzymes in situ as weil as Iysosomal

enzyme activities in serum were indistinguishable trom the normal mice [74]. In

contrast. cultured cells (fibroblasts and cells from spleen and or thymus) from the

same receptor deficient mice showed significantly increased secretion of newly

synthesized M6P-containing ligands. The conclusion was that MPR 46 fulfills a

cntical fundion in sorting newly synthesized Iysosomal enzymes. which is evident

only in cultured cells, because secreted ligands are efficiently diluted into the

culture medium. While in situ. secretion of newly synthesized Iysosomal enzymes

can be compensated by recapture and endOCYtosis which are mediated by MPR

300, and other carbohydrate-specific receptors such as, the mannose reœptor

and the asialoglycoprotein receptor [74]. In an independent study, Ludwig et al

[75] observed increased levels of Iysosomal enzymes in the serum and reduced

intracellular levels in severa1tissues of MPR 46-deficient mice. The reason why

the efficiency of Iysosomal enzyme sorting in situ differed among the two strains of

MPR 46-deficient mice are not yet understood. Nevertheless, partial missorting of

Iysosomal enzymes has been reported by bath laboratories and suggests a entical

fundion of MPR 46 in intracellular sorting of Iysosomal enzymes.

Homozygous deficiency of MPR 300 tumed out to be lethal due to the loss

of MPR 300 as an IGF Il binding receptor rather than due to the disturbed sorting
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of Iysosomal enzymes [76]. Very recently, M6P receptor deficient mice were

generated by crossing mice carrying nul! alleles for IGF Il, MPR 300 and MPR 46

[77]. Triple deficient mice surviving the first postnatal day had nonnal viability and

developed a phenotype resembling human I-cell disease. The triple deficient mice

were characterized by dwarfism, facial dysplasia, waddling gai!, dysostosis

multiplex, elevated Iysosomal enzymes in serum and histological signs of

Iysosomal storage predominantly in fibroblasts, but also in parenchymal œlls of

brain and Iiver. Surprisingly, the ability of MPR-deficient cells to transport newly

synthesized Iysosomal enzymes to lysosomes were found to depend on the œil

type [58]. MPR-deficient thymocytes target newly synthesized cathepsin 0 to

lysosome via an intracellular route. In contrast. hepatocyte and fibroblasts secrete

newly synthesized cathepsin D. The efficiency of recapture of secreted Iysosomal

enzymes via endocytosis is different in fibroblast and heptocyte in vivo and in

vitro. Kasper et al [78] demonstrated in mouse embryonic fibroblasts deficient in

both M6P receptors that neither MPR46 nor MPR 300 overexpression is sufficient

for intracellular targeting of Iysosomal proteins.

ln summary, the data obtained in cultured œlls and transgenic mice

strongly suggest that bath MPRs are involved in intracellular sorting of Iysosomal

enzymes. It remains an open question, whether the difference in their efficiency of

sorting is a result of the reported differences in their ligand binding properties or in

their intracellular trafficking.
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1.5.1.2.2 Endocytosis of Mannose 6-Phosphate Containing Ligands

Exogenous M6P containing ligands undergo receptor..mediated

endocytosis. This process is inhibited by antibodies against the luminal domain of

MPR 300, but not MPR 46 [73]. MPR 46 has been shown to reach the cell

surface and to be rapidly intemalized [70, 73, 79, 80] via clathrin-coated pits [81].

Endocytosis of M6P containing ligands by MPR 46 at a low rate has been

observed only when œlls overexpresssing very high levels of this receptors were

incubated at pH 6.5 [69]. Thus, under physiologiesl conditions, endocytosis of

M6P containing ligands most likely is mediated exclusively by MPR 300.

Severa1 putative physiological funetions have been attributed to the

intemalization of M6P containing ligands. In general, MPR 300 may recapture

endogenous, newly synthesized Iysosomal enzymes that have escaped sorting in

the trans..Golgi network [82] or that have been aetively exported by MPR 46 [83].

M6P depandent endocytosis may also contribute to the clearance of Iysosomal

enzymes trom plasma by liver cells, as intemalization of Iysosomal enzymes by rat

heptocytes is inhibited by mannose 6-phosphate [84. 85]. Another potential

funetion of M6P dependent endocytosis may involve the transfer of Iysosomal

enzymes trom one cell type to another [30]. In addition, MPR 300 may be

involved in clearance and/or activation of polypeptide hormones [86-91].

M6P receptors at the cell surface may be part of the machinery required for

virus attachment and viral infection, as Herpes simplex virus protein 0 has been

shawn to contain M6P residues and to bind to MPR 300 as weil as MPR 46 [92].

Taken together. the funetion of MPR 300 at the œil surface probably is not
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only restricted te binding IGF Il but other polypeptide hormones and hydro'ases as

weil.

1.5.1.3.2 M6P Dependent Export of New'y Synthesized Lysosomal Enzymes

Cells overexpressing human MPR 46 were shown to expert increased

levels of newly synthesized Iysosomal enzymes [83], while the percentage of

exported newly synthesized Iysosomal enzymes was remarkedly reduced by

simutaneous overexpression of MPR 300. Efficient MPR 46 mediated export of

newly synthesized Iysosomal enzymes depends on recycling of the receptor as

shown by analysis of aC-terminai truncated mutant, which accumulates at the

plasma membrane due to its reduced rate of endocytosis. These observations

suggest that increased expert of newly synthesized Iysosomal enzymes trom celfs

lacking MPR 300 [65] at least partly reflects an active function of MPR 46 in export

rather than merely its lower efficiency in intracellular sorting. The physiological

relevance of M6P dependent export of Iysosomal enzymes has not been

elucidated.

1.5.2 Mannose-6-Phosphate Independent Transport

As we know 50 far, MPRs play a major role in the intracellular transport of

newty synthesized Iysosomal enzymes. However, studies of patients with l-cell

disease have provided evidence for MPR-independent transport of soluble acid

hydrolases to lysosomes [93]. Recent charaderization of a number of Iysosomal

membrane proteins has revealed that none of these proteins possess the M6P
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recognition marker, indeed, they reach the lysosomes independent on M6P

receptors but dependent on their own protein sequence deterrninants [26-29].

The mechanisms of Iysosomal and secretory sorting and targeting of

certain activator proteins for sphingolipid degradation such as prosaposin are not

fully clarified. Recently, when subcellular Golgi fractions obtained trom Sertoli

cells of adult rat testis, were permeabilized with sapo"in, a mild detergent, the

Iysosomal prosaposin was not released, suggesting it is associatect to the Golgi

membrane. When the perrneabilized Golgi fradions were further challenged with

free mannose 6-phosphate. again the treatment did not result in the displacement

of the Iysosomal prosaposin, which remained attached to the Golgi membranes.

Finally 1 the N-glycosylation inhibitor tunicamycin did not affect the transport of this

prosaposin to its destination in lysosomes, suggesting an alternative transport

pathway exists [4]. Together with other observations. prosaposin is believect to be

targeted to the lysosomes by a mannose 6-phosphate independent mechanism

that does not require glycosylation [12.44, 56].

Some Iysosomal enzymes and yeast vacuolar proteins are aise included in

the M6P independent transport pathway. such as. procathepsin 0 [44, 94, 95],

procathepsin L [95]. procathepsin B [96]. yeast carboxypeptidase Y (CPY) [97],

proteinase A (PrA) [98], aminopeptidase 1 (API) and a-mannosidase 1 (Ams1p)

are transportect to yeast vacuoles independent of such M6P transport pathway.

1.5.2.1 M6P Independent Transport of Lysosomel Membrane Proteins

There are several Iysosomal membrane proteins (Figure 1-1) such as
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Figure 1-1: Structure and membrane orientation of Iysosomal membrane protein

families. Disulfide-bounded loops and O-linked carboxyhydrates (open circles)

are only depided for lamp-1 and lamp-2. Filled circles represent N-linked poly

ladosaminoglycans and complex N-linked oligosaccharides (BioEssays, 18 (5)

1995, by Walter Hunziker and Hans J. Geuze).
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Iysosomal associated membrane proteins (Iamps), including lamp-1 and lamp-2,

Iysosomal integral membrane proteins (Iimps), including limp-I and limp-II, as weil

as Iysosomal membrane proteins with enzymatic activity such as Iysosomal acid

phosphatase (LAP).

1.5.2.1.1 Lysosomal Membrane Proteins

Lamp-1 and lamp-2 are two of the best-charaeterized Iysosomal membrane

proteins. The two proteins display strikingly conserved primary sequences and

therefore have similar domain structures and biochemical preperties. Beth are

type.1 membrane proteins, with a large luminal ectodomain connected to a

transmembrane region and a short cytosolic tait (Figure 1-1). The cytosolic

demain of lamp-1 and lamp-2 composed of 11 residues and is highly conserved

between the two proteins (Figure 1-1 ). Despite the high degree of overall

similarity (65-70% identity irrespective of species), lamp-1 and lamp-2 represent

separate proteins encoded by two distinct genes located in different chromosomes

(99J. Lamp-2 have been shawn to undergo alternative splicing, generating at least

three lamp-2 isoforms [100, 101]. Common ta lamp-1 and the different lamp-2

isoforms is a conserved C-terminal Iysosomal targeting motif, G-Y-X-X-Z, Z

represents a hydrophobie residue, where Z corresponds to 1 in lamp-1 [102-105],

or to F, L or V in the different lamp-2 isoforms [103],.

Limp-I, displays no overall homology to lamp-1 or lamp-2 and probably

traverses the lipid bilayer four times (Figure 1-1), thus belonging to the cJass of

type-II membrane proteins. Limp-I posess an 11-residues short cytoplasmic
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domain, which encodes aC-terminai Iysosomal sorting motif (G-Y-X-X-M) [106],

similar to lamp-1 and lamp-2.

Limp-II, however, only traverses the membrane twice. It displays no

homology whatsoever to lamp-1, lamp-2 or limp-I, and also lacks the cytosolic G

Y-X-X-Z targeting motif characteristic of limp-I. 1nstead, Iysosomal targeting of

limp-II occurs via a di-leucine type LI signal [107] [108].

LAP, is a soluble Iysosomal enzyme, it can be considered a lysosome,

membrane protein since it is transiently associated with late endosomal and

Iysosomal membranes as an integral membrane protein. It belongs to a type 1

membrane protein with a large luminal domain, a single transmembrane region,

and a cytosolic tail of 19 amino acids (Figure 1-1). The cytosolic domain of LAP,

almost twice as long as that of lamp-1, lamp-2 or limp-I. encoded a G-Y-X-X-V

motif [109], that is not exposed at the end of the cytosolic domain but lies within

the tail (Figure 1-1).

Lysosomal membrane proteins can reach the endosome/lysosome

compartments via two distinct pathways: 1) An indirect pathway through the

secretory pathway to the plasma membrane and endocytosis, which corresponds

to LAP [29] as weil as to a minor portion of lamp-1 and lamp-2 [28]. 2) A direct

transport trom the TGN to endosome and lysosome via clathrin-coated vesicles,

which includes limp-II [107] [108] and most of lamp-1 and lamp-2 [110, 111]. To

date, two distinct classes of cytosolic signais able to mediate late endosome and

lysosome targeting have been identified on Iysosomal membrane proteins. One

determinant, present in lamp-1 [102-105], lamp-2 [103], limp-I and LAP [106, 109],
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is based on a G-Y-X-X-Z motif containing a critical tyrosine residue. The second

signal, an (leu-Ile) LI found in limp-II [112], is related to the di-leucine motif.

Although the role of these tyrosine and di-leucine based signais has been

analysed in sorne detail for sorting at the level of trans..Golgi network and the

plasma membrane, the role of these determinants in segregating proteins into

different pathways trom endosomes remains largely obscure.

Finally 1 Iysosomal membrane proteins are heavily glycosylated proteins

involved in a number of fundions in late endosomes and lysosomes. including

protedion of the membrane trom degradation, transport of amino acids or

carbohydrates resulting from the hydrolytic degradation, transport of protons to

maintain the acidic pH, or control of their specifie interadion and fusion with other

organelles. However, with the exception of the phosphatase adivity of LAP,

definitive functions assigned to each of the Iysosomal membrane proteins are still

unknown.

1.5.2.1.2 Protein Transport to the Veast Vacuole: Independent on Mannose

6-phosphate Transport Pathway

The vacuole of yeast Saccharomyces cerevisiae is considered to be the

mammalian equivalent to lysosomes. Transport of proteins to the yeast vacuole

does not require a carbohydrate modification. Rather, peptide sequences are

responsible for targeting. The sorting information for the vacuolar soluble protein,

for example, caboxypeptidase Y (CPY) and proteinase A, resides in an N-terminal

propeptide which is cleaved in the vacuole to yield mature form. Over forty yeast
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mutants have been isolated which are defective in vacuolar protein sorting, and

the identification of the disrupted genes in these mutants is leading to an

understanding of the mechanisms involved in the sorting pathway. Recently, the

VPS10 gene was shown to encode a sorting receptor for CPY, which was not

required for the sorting of any other vaeuolar proteins tested [113]. Other VPS

genes are required for the sorting of multiple vacuolar proteins. For example,

Vps1P is an 80 kOa GTP-binding protein required for the sorting of bath CPY and

proteinase A [114). Small GTP-binding proteins are involved in many transport

steps throughout the œil, and VPS21 encodes a member of this family which is

homologous to the mammalian RAB5 gene and is important for vaeuolar transport

[115]. Vps15p is a protein kinase which forms a complex with 1 and activates,

Vps34p, a phophatidylinositol 3-kinase [116]. These proteins may thus be

involved in the regulation of vesiele trafficking to the vacuole.

ln addition to the better-characterized pathway of transport to the vacuole

via the Golgi complex. an additional route of transport exists in yeast.

Aminopeptidase 1 (API) and mannosidase 1 (Ams1p) are known to be delivered

post-translationally to the vacuole, directly from the cytosol, by an alternative

mechanism which is independent of the secretory pathway.

ln summary. mannose 6-phosphate independent transport pathway is

based primarily on the targeting signais localized in protein peptide sequences,

and their transport is receptor-mectiated. Information on protein transport

mechanism in yeast vacuole will be useful to identify similar transport pathways in

mammals.
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1.6 Glycosphingolipids and Lysosomal Activator Proteins

1.6.1 Glycosphingolipids

1.6.1.1 Structure. Occurrence. and Function of Glycosphingolipids

Glycosphingolipids are important and ubiquitous components of eukaryotic

cell membranes [117-119]. They are amphipathic molecules containing a

hydrophilic oilgosaccharide chain linked to ceramide. Over 150 glycosphingolipids

with different glycans have been isolated trom mammalian tissues. They have

been classified according to the structure of the core oligosaccharide (Figure 1-2).

Glycosphingolipids with glycan chains containing sialic aad are called

gangliosides, reflecting their abundance in nerve tissue [120].

There is a much higher concentration of glycosphingolipids in the plasma

membrane than in the intracellular membrane of most cells. However. some cells

have high intracellular concentrations of glycosphingolipids [121]. It has been

suggested that some of the intracellular glycosphingolipids may be associated with

cytoskeletal proteins [122]. Glycosphingolipids are located in the outer leaftet of

plasma membranes, with the ceramide portion acting as an anchor and the

oligosaccharide protruding trom the cell surface (Figure 1-2). They are not

distributed uniformly over the surface but aggregate in clusters [123]. The

conformations of the glycans are probably determined by these interactions,

expanding the repertoire of potential fundions for a particular structure.

The glycosphingolipid composition of membranes varies markedly form one

œil type to another, reflecting the diverse fundion of glycosphingolipids in œil

growth, differentiation, transformation, adhesion, antigenicity, and interaction with
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Figure 1·2: Schematic representation of the catabolic pathway of

glycosphingolipids in human. Lipid substrates are in boxes, enzymes and

adivator proteins are in italics, and disorders associated to deficiencies of a given

hydrolase and lor adivator protein are in bold letters. In mouse, an altemative

pathway exists whereby GM2 ganglioside is converted to GA2 ganglioside by the

adion of sialidase, which in tum is converted to ladosylceramide by hexB

(Phaneuf et al., 1996).
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hormones and tissues [119, 124]. In sorne instances, the function of the

sphingolipid may be indirect by modulating the effect of a protein receptor.

1.6.1.2 Turnover of Glycosphingolipids

The plasma membrane is intemalized continuously. The components

destined for catabolism are delivered to the lysosomes via the endosome system

(125), in which sorting takes place, with other components being retumed to the

plasma membrane or directed to the Golgi (Figure 1-3) (125, 126). The precise

route by which plasma membrane glycosphingolipids reach the lumen of the

lysosomes is not fully understood. It has been suggested that during sorting they

are sequestered into intraendosomal vesicles, which are delivered to the lumen of

the lysosome by membrane fission and fusion (127] [128] (129). In this way

glycosphingolipids on the outer leaflet of the plasma membrane would be on the

outer surface of intralysosomal vesicles and exposed to the catabolic hydrolases

(Figure 1-3). Experimental evidence for this hypothesis is provided by the

observation of MVBs in normal, early, and late endosomes (130) and especially of

MWs in Kupffer œlls of patients with a deficiency of the sphingolipid activator

precursor [131 t 132). Although the intracellular membrane glycosphingolipid

content is low, sorne glycosphingolipid is delivered to lysosomes by autophagy. A

major source of the glycosphingolipids that are degraded in lysosomes is the

plasma membrane of senescent or damaged cells, which are phagocytosed by

macrophages and neutrophils. Awareness of the relative importance of the

catabolism of endogencus and exogenous glycosphingolipids in different cells is
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Figure 1-3: Schematic representation of the endocytic pathways according to the

"maturational "model. Endocytic vesides (EV) fuse together to become

endosomes (E). Enzymes (rhomboid) and activators (star) are targeted from the

Golgi apparatus to the endosomes, which transform into multivesicular bodies

(MVB) and which further mature into lysosomes (L) upon digestion of the

vesicular content. Sphingolipids (triangles) reach the lysosomes by endocytic flow

of the plasma membrane or trom the Golgi apparatus bound to activator proteins

such as prosaposin (star). The dashed arrow shows the recyding of receptors

and membranes that normally takes place in endosomes. Note that in MVB

sphingolipids are segregatecl into luminai vesicles and digested without

compromising the integrity of the Iysosomal membrane.
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extremely important for understanding the nature of the storage produds, and the

pathogenesis and progress of the sphingolipidoses, the Iysosomal storage

diseases resulting trom defects in the catabolism of glycosphingolipids.

1.6.1.3 Lysosoma' Catabolism of Glycosphingolipids' Glycans

The characterization of accumulating lipids in the sphingolipidosis was a

great stimulus to the elucidation of the pathways for the catabolism of the glycan

moieties of glycosphingolipids. As with the glycans in other glycoconjugates, the

oligosaccharide chains of glycosphingolipids are degraded by the sequential

adion of exoglycosidases trom the nonreducing end. For glycosphingolipids this

takes place while the oligosaccharides are still conjugated to the lipid moiety1

ceramide. Thus, the pathways for the different glycosphingolipids converge on

ceramide. Figure 1-2 shows the pathways for the breakdown of common

representatives of the major groups of glycosphingolipids. The glycosidases can

hydrolyze the same linkage to several different sugar glycans in glycosphingolipids

and often in other glycoconjugates. For example. acid ~-galactosidase hydrolyzes

GalJ31-.3GaINAc linkages in glycosphingolipids and O-glycans in glycoproteins,

GalJ31-+ 3GlcNae and GalJ31-+ 4Gle linkages in glycosphingolipids, and GalJ31-+

4GlcNAc linkages in glycosphingolipids. glycosaminoglycans, and N-glycans in

glycoproteins.

A genetie deficiency of any of the enzymes in these pathways leads to a

characteristie pattern of storage of glycosphigolipids in different cells and a

specifie sphingolipidosis (Figure 1-2). Most of the human enzymes have now
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been cloned and mutation analysis carried out for patients. Ali of the disorders are

genetically heterogeneous, although there are some common mutations in ethnie

groups. The different mutations in a particutar enzyme have provided important

information about the relationship between the structure and specifieity, stabi1ity,

intracellular transport, and interaction with other proteins of the enzymes.

1.6.2 Lysosomal Activator Proteins

The breakdown of the glycans of glycosphingolipids while they are still

linked to ceramide poses the problem of accessibility of the soluble Iysosomal

glycosidases to these amphipathic molecules. Studies on the hydrolysis of its

natural substrate, cerebroside sulfate, by purified arylsulfatase A showed that it

required an added detergent [133]. It was discovered that the detergent could be

replaced by a nonenzymie protein, which was called sulfatide activator [133]. It is

now known that severa1 Iysosomal hydrolases require the assistance of small

nonenzymatic glycoproteins for the hydrolysis of glycosphingolipids (Table Il).

Today two genes are known to encode these sphingolipid activator proteins [128]

[134]. One encodes the GM2 activator protein, whieh facilitates the action of

hexosaminidase A on ganglioside GM2 [135] and cause the AB variant of GM2

gangliosidosis, such as, Tay-Sachs and Sandhoff diseases [136, 137], when it is

genetically defective. The other gene encodes prosaposin [138], which is

proteolytically processed sequentially in the lysosomes to four saposin A-O [139]

with specificities with different sphingolipids (Table Il). A deficiency of prosaposin

leads to the accumulation of a range of glycosphingolipids [131].
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Table Il: Lysosomal Activator Proteins

Size F&ft:tion

Protein (.mina ac:ïda) Enzyme Subéate(s) Oeficiency

GM2-aetiv8tor 162 13-hexOAmtnidae GM2 (GA2) AB variant of GM2~

ProsapoU1 52.. Unknown-ipid CM1er? ProsapoU1 deficiency

S8poIinA 84 13-g1ucocerebroMtase GIucocerebrOlide Notknown

~etoc:erebrOlidae G.-etocerebroside

Sapoù\B sa ~A s.M8tide MLD-ike ltcnQe diIorder

a-Ga"et~ GIoboIriaosytceramide

SptW1gomyelinae Spmgomyelin

Sapolin C sa 13-g1ucocerebr.... Gtucoc:erebrœide Variant of Gauchers diMae

~etoc:erebrMldase G-.etocerebrOlide

S8potin 0 78 ACId sphingomyelinele SptW1gomyelin Notknown

CeremidMe Ceremide
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1.6.2.1 Functions of GM2 Activator Proteine and its Related Dis••ses

The enzymatic degradation of GM2 ganglioside. the main accumulated

material in GM2 gangliosidosis disease, requires p-hexosaminidase A and a

Iysosomal ganglioside-binding protein. the GM2 aetivator protein. severai

mutations of the genes encoding hexosaminidase A and GM2 adivator protein

resulting in intralysosomal accumulation of ganglioside GM2 and related glycolipids.

in neuronal ceUs have been identified. Hexosaminidase A is a heterodimer

encocJed by two different genes. HEXA gene [136] and HEXB gene [137] encoding

the a subunit and 13 subunit of J3-hexosaminidase A, respectively, Le. ap. Two

other Hex isozymers. formed by aa subunit (Hex S) and pp subunit (Hex B) are

also present. Mutation of HEXA gene is associated with deficient aetivity of Hex A

and S but normal level of Hex B. causing a B-variant of Tay-Sachs disease.

Mutation of Hex B is associated with deficient adivity of Hex A and B. resulting the

o-variant of Sandhoffs disease. Mutations in the gene encoding the GM2 (GM2A)

aetivator protein [140] give ose to an AB-variant charaeterized by normal levels of

HexAand B.

1.6.2.1.1 GM2 Activator : Roi.. as a Co-factor in GM2 Hydrolysis

J3-hexosaminidase A is a water-soluble enzyme whiCh aets on substrates of

the membrane surface only if they enter far enough into the aqueous lumen of the

lysosome. However, those glycosphingolipid substrates with short oligosaccharide

chains. which can not be reached by the active site of water-soluble 13-
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hexosaminidase A cannot be degradecl. GM2 activator protein is required in such

kind of degradation. The GM2 activator protein has a wide specificity [141 J, act by

binding to GM2 ganglioside and other refated gangliosides to bring them into

aqueous solution and make them accessible to the soluble Iysosomal glycosidase.

The exact mode of action played by the GM2 aetivator protein in the hydrolysis of

GM2 is still a matter of debate. However, unlike other lectin-like GSL-binding

proteins, e.g. the p subunit of cholera toxin, that interaets only with the

oligosaccharide portion of the molecules, the GM2 aetivator protein and the

saposins also bind the ceramide moiety resulting in a soluble complex.

Furthermore, TLC overlay analysis and Sephacryl S-200 gel filtration unveiled that

the interaction of GM2 activator protein with GSLs requirecl the presence of an

acidic moiety on the GSL and the binding is not significantly affectecl by the sugar

chain backbone [142]. The recognition sites on the GSLs for the binding by GM2

aetivator are the anionic residues [142].

Two models (Figure 1-4) have been suggested in the mechanism of action

of GM2 activator protein. In model 1: The GM2 aetivator protein works as a 'Iiftase'

by recognizing GM2 within the membrane, binding to and lifting the lipid out of the

bilayer and by presenting it to the water-soluble p-hexosaminidase A. In model 2:

The activator binds tipid forming an aetivator-lipid complex, which can be

recognized by the water-soluble ~-hexosaminidase A. The enzymatic reaetion

takes place in free solution. In addition, formation of the temary complex

presumably involves a protein-protein interaction between the GM2 aetivator and J3

hexosaminidase A [143].

26



Figure 1-4: Mode for the GM2 activator-stimulated degradation of ganglioside GM2

by human JJ...hexosaminidase A. Water...soluble ~-hexosaminidase A does not

degrade membrane-bound ganglioside GM2, which has a short carbohydrate

chain, in the absence of GM2 activator or appropriate detergents. The GM2

activator binds one molecule of ganglioside GM2 and lifts it a few angstroms out of

the membrane. In this position, this activator-lipid complex can be reached and

recognized by water...soluble JJ-hexosaminidase A, which cleaves the substrates

(mode 1). Altematively, the water soluble activator...lipid complex may leave the

membrane completely and the enzymatic reaction may take place in free solution

(mode 2) (FEBS Letters, 346, 1994, by K Sandhoff and A Klein).
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GM2 activator protein is unique in severa1aspect compared to sapasin A-O.

(a) It is encoded byan unrelated gene [144]. (b) It shares no significant deducect

primary structure homologies with the saposins. (c) It functions as a monomer

(saposins are probably dimers). (d) Its strength of binding is likely dependent on

the structure of the GSL's oligosaccharide and its only 'activating' function is as a

substrate-specitic co-factor for Hex A in its degradation of GM2, a raie that cannat

be filled by any of the other saposins.

1.6.2.1.2 GM2 Activator Protein: Roi.. as a G.n....1T...nsport Protein

GM2 activator protein not only binds GM2 ganglioside specifically but aise

has a wide spectrum of binding capacities with other related gangliosides, such

as, GM1. GD1., GM3 and GA2. The GM2 activator protein was found to transport

glycosphingolipid between two membranes of preparation [143J and tram the

donor to acceptor liposomes [145J. This binding suggests that the GM2 aetivator

protein serves as a general glycosphingolipid transport protein. Early binding or

transport studies using radiolabeled glycosphingolipid with GM2 activator alone. or

mixed with differentially charged liposome, respectively, indicated that the GM2

binding affinity is in the following order: GM2»GM1=G01.»GM3=GA2 (128). TLC

overlay analysis, demonstrated that GM2 activator binds to vanous negatively

charged glycosphingolipids without showing preference to any particular sugar

composition [142]. Thus, GM2 aetivator protein does not behave like lectins, which

display the recognition of a specifie saccharide structure. As bath GM2 aetivator

protein and saposin B were shawn to be able to transport GSLs from donor to
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acceptor liposomes [145], GM2 aetivator protein may have a specifie role, in vivo,

in the transport of aeidie GSLs.

ln summary 1 the GM2 activator protein is considered as a biological

detergent. The following roles has been assigned to the GM2 aetivator protein: 1)

a non-specifie hydrophobie binding to ceramide to produce a water soluble

complex; 2) a more specifie hydrophilie binding to oligosaccharides with bath the

non-reducing terminal GalNAe and NeuAe residues of GM2; and 3) a strong,

specifie interaction with Hex A.

1.6.2.2 Functions of S8posins and Thair Madicallmplic8tions

The first activator protein was identified in 1964 as a protein whieh was

necessary for the hydrolytie degradation of glycosphingolipids carrying a sulfuric

ester group (sulfatides) by Iysosomal arylsufatase A [133J. This activator, SAP-B.

now known as Sapesin B, is a smaU Iysosomal glycoprotein consisting of 80 amino

aeids. with a N-linked carbohydrate chain and three disulfide bonds [128]. Like

GM2 aetivator protein, it binds glycosphingolipids, but with broader specifieity and

is alsc considered as a physiologiesl detergent. In vitro. it behaves similarly to the

GM2 aetivator protein in sorne aspects, i.e. it can recognize and bind severa1

different GSLs on the surface of micelles by forming a stoichiometrie complex and

is then able to transfer the GSLs to the membranes of acceptor liposomes [31].

Thus, Sapesin B solubilizes and presents glycosphingolipids to water-soluble

hydrolases as substrates [146]. The inherited deficiency of saposin B leads to a

Iysosomal storage disease, which resembles metachromatie leukodystrophy.
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However, unlike typical metachromatie leukodystrophy, not only sulfatide but also

other glycolipids, e.g. globotriaosylceramide, accumulate owing to a blockage of

degradation at several points in the catabolic pathway of glycosphingolipids [147].

Subsequently, saposin B, together with other three adivator proteins,

known as saposin A, C and 0, were found to derive from a same precursor,

prosaposin. The four saposins show sorne homology and conservation and have

similar properties. However, they differ in their specificity and their mechanism of

action. The physiological function of these sphingolipid adivator proteins is only

partially clarified to date. As indicated above, the inherited defieieney of sapesin

B leads to an atypical form of metachromatic leukodystrophy, and saposin C

defieieney causes an atypical form of Gauchers disease, charaterized by the

accumulation of glucosylceramide [7, 132]. In one patient with a complete

deficieney of the whole prosaposin precursor due to a homoallelie mutation within

the 5tart codon [132], there was multiple accumulation of undegraded

sphingolipids, 5uch as, ceramide, glucosylceramide, ladosylceramide, ganglioside

GM3, galadosylceramide, sulfatides, digalaetosylceramide and

globotriaosylceramide [9]. Diseases related to the deficieney of Saposin A and 0

are not yet charaeterized. The general mechanism of sapesins appears to be

similar to the GM2 aetivator protein, which ad either as a liftase or by forming a

water·soluble complex with the lipid and hence mobilizing the lipid out of the

membrane. Details of how individual saposins ad with their specifie substrates

are summarized below.
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1.7 Prosaposin and Saposins

1.7.1 Biosynthesis and Intracellular Proc_ing of Prosaposin

Human prosaposin is a 524 amine aad glycoprotein containing a 16

residue signal peptide sequence and five potential N-linked glycosylation sites

[138]. Like ail other glycoproteins, prosaposin employs the secretory pathway to

accomplish the intracellular delivery to its final destinations. The N-terminal signal

sequence directs it into the lumen of the endoplasmic reticulum (ER) first, where it

receives high mannose, asparagine-linked oligosaccharides. Disulfide bridges are

subsequently followed by its proper folding and assembly into oligomeric

structures [148]. Prosaposin is then transported to the Golgi apparatus, where the

oligosaccharide chains are probably trimmed and remodeled like most

glycoproteins [149], and al50 within the Golgi apparatus where prosaposin is

sorted to different destinations. As a matter of fact, two forms of prosaposin with

slightly different molecular weights exist due to different post-translational

modifications: a 70 kDa form secreted extracellularly or retained as an integral

membrane protein and a 65 kDa form targeted to lysosomes. Prosaposin is also

widely distributed as a neuronal cell surface membrane component in human adult

and fetal brain [150] and in rat brain [151], suggesting it has a role in neuronal

function and development. In lysosomes, prosaposin is proteolytically processed

into four smaUer peptides known as saposin A, B, C and D. Saposins, acting as

adivator proteins for specifie Iysosomal enzymes, are required for hydrolysis of

different glycosphingolipids (GSls) within the lysosomes. The rat homologue of

human prosaposin is known as sulfated glycoprotein-1 (SGP-1), which has about
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ao°A, amino acid identity when aligned with human prosaposin [152]. SGP-1 is a

major glycoprotein secreted by rat sertoli œlls [153]. It was initially thought to be

exclusively secreted by Sertoli cells; however, immunocytochemical studies

demonstrated that this protein is alsa present in lysosomes of Sertoli cells [153,

154].

Biosynthesis of prosaposin has been studied in vitro by pulse-chase

experiments in cultured human fibroblasts [44, 155]. Immunoprecipitation of whole

œil Iysates by anti-saposin B antibody demonstrated that the precursor of Sapesin

B was first synthesized as a 65 kOa glycoprotein and then converted to a 70 kOa

polypeptide by co-translational glycosylation. The 65 kOa precursor was rapidly

processed into mature 8-13 kOa sapesin via 52 kOa and 35 kOa intermediates.

The 70 kOa protein was the only form found in cultured medium. Similarly, when

using sapesin C antibody, a similar co-translational modification was iIIustrated,

and the final produet or mature saposin C was also 9-12 kOa [44, 155]. Pulse

chase label experiments of Sertoli cells in culture [11, 152] confirmed the same

biosynthetic relationship between the 65 and 70 kOa forms of rat SGP-1 in vivo.

How this maturation process of prosaposin is accomplished within the

lysosomes still need to be clarified. Presumbably, dibasic amine acids residues

occur at the junetional boundaries of each sapesin domain in prosaposin, such as,

seven lysine and one arginine, which may be the potential proteolytic cleavage

sites [30]. Recently, Hiraiwa et al [139] demonstrated biochemically that cathepsin

o may be one of the major protaases involving in the proteolytical processing of

prosaposin. The cleavage sites occurred between 1191eucin and 18°tyrosine and
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respectively, in the presence of cathepsin O. It was also suggested by time

course experiments that the processing of the N-terminal half of prosaposin

occured earlier than those of the C-tenninat hait. Intermediate proctucts

(trisaposins and disaposins) are observed during prosaposin processing, however,

their functional importance is still not known.

1.7.2 Distribution and Functions of the Preeursor of Sphingolipid Activator

Protein, Prosapasin

As we mentioned above, in addition to the generation of the tour functional

saposins within lysosomes, prosaposin al50 exists as an unprocessed 70 kOa

secretory protein present in many tissues and body fluids. The highest

concentrations of prosaposin has been reported in testis, seminal plasma,

cerebral gray matter, cerebrospinal fluid and human milk, and lower concentration

in liver, spleen, and other organs [138, 156]. Recent studies focusing on the roles

of prosaposin in human brain was based on the evidence of its high expression

level in this organ and on the existence as an integral membrane component of

neuronal and other plasma membranes [44, 150). Northem blot analysis of

prosaposin mRNA during embryonic development showed a high expression in

mouse brain and dorsal root ganglia, indicating a developmental role of

prosaposin [157]. An intriguing function of prosaposin in nerve system has been

postulated by O'Brien and colleagues, demonstrating that prosaposin is a

• neurotrophic factor [3] [158]. The active neurotrophic region is localized to a 12
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amine aads residue at the NHrterminal end of sapasin C (LlDNNKTEKEIL) [159].

Several synthetic peptides derived from this region are equally as bioadive as

prosapasin and were called prosaptides [158, 159]. Nanomolar concentrations of

prosaptides as weil as prosaposin can stimulate neurite outgrowth and choline

acetyltransferase adivity in neuroblastoma ceUs [3]. In addition, prosaposin was

shown to protect hippocampal neurons from ischemic damage and to prevent

apoptosis of cerebellar granule neurons in culture submitted to palitaxol toxicity

[14]. Prosaposin appears to bind to a high-affinity receptor that induces protein

phosphorylation [3] and which is associated with G protein, Goa. [160]. The

binding of prosaposin to this receptor triggered a signal transdudion cascade, with

indudion of extracellular signal-regulated protein kinase phosphorylation in neural

and glial cells [139, 160-162]. In primary Schwann cells prosaposin has aise been

found to activate the mitogen-activated protein kinase cascade through a

pertussin toxin-sensitive G protein-mediated pathway essential for enhanced

sulfatide synthesis by Schwann ceUs acting as a myelinotrophic factor [14). And

the signaling pathways involved in Schwann œil survival by prosaposin and

prosaptide have recently been identified through the P13K1Akt pathway (163).

Recent observation of colocalization and complex formation between

prosaposin and monosialoganglioside GM1 and GM3 (not GM2) in neural NS20Y

cells [164], implicated that the neurotrophic activity of prosaposin in NS20Y

neuroblastoma cells might be mediated in part by the increase in content of cell

surface gangliosides. The association of prosaposin-GM3 complexes on the œil

surface appeared to be fundionally important in neurite sprouting.

33



•

•

Prosaposin binds gangliosides with the same or greater avidity than

saposins and facilitate their transfer form liposomes to biological membranes

[165]. Prosaposin has also been suggested to play a role in intracellular transport

of glycosphingolipids [129, 134, 156] [166].

SGP-1, the rat homologue of human prosaposin, was initially thought to be

secreted to the lumen of seminiferous tubules exclusively [138]. A proline rich

segment of 31 amino acids residues present in rat SGP-1 but absent in human

prosaposin was implicated in the secretory routing of SGP-1 to the extracellular

space, since similar proline-rich regions have been found in many secretory

proteins [167]. However, immunocytochemical studies in Sertoli cells of the testis

and epithelial celfs of the efferent duds of the rat have demonstrated that SGP-1

can aise be localized in the lysosomes [153, 154, 168]. In addition,

immunoprecipitation and immunoblotting of Iysosomal protein fractions isolated

from rat Sertoli cells can light up a 65 kDa as weil as a 15 kOa protein [4J. These

data confirmed that a Iysosomal precursor of SGP-1 also exists in rat Sertoli cells

besides its secretory form.

Prosaposin has been found in many body fluids, however, little is known

conceming its physiologiesl fundion. SGP-1 or the rat prosaposin is rich in

seminiferous fluids and it has al50 been demonstrated to be associated with the

head and tails of spermatozoa once it is secreted into the lumen [169]. These

may suggest that prosaposin may regulate the release and/or maturation of

spermatozoa during spermatogenesis. It has al50 been suggested that

prosaposin may be involved in the modification of the sperrn membrane by means
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glycolipid transport. Since glycolipids were shown to mediate heterologous œil

contacts, including the preferential adhesion of different œil types [170], it is

possible that glycolipid modification of 5ertoli œil and lor germinal cell membranes

play a role in certain processes such as the induction of spermiation.

Nevertheless, further investigation is required to clarify the functions of secreted

prosaposin [152] in the male reproductive system.

1.7.3 Structure and Function of Saposins

1.7.3.1 Discovery of Saposins

Saposins are glycosphingolipid activator proteins, four of which are derived

trom a single precursor, prosaposin, by proteolytical processing. These small heat

stable glycoproteins are required for the hydrolysis of a variety of

glycosphingolipids. Saposin B (previously called shingolipid activator protein) was

the first activator protein discovered [133]. Saposin B activated the hydrolysis of

cerebroside sulfate by arylsulfatase A, the hydrolysis of GM1 ganglioside by acid p

galaetosidase, and globotriaosylceramide by a-galaetosidase [146]. Human

hereditary deficiency of saposin B results in tissue accumulation of cerebroside

sulfate and other glycolipids and a clinical feature of late infantile or infantile

metachramatic leukodystrophy [8] [171].

Saposin C (previously called sphingolipid adivator protein-2) was identified

by Ho and O'Brien [172]. Sapesin C was shawn to activate the hydrolysis of

glucocerebroside by glucosylceramide p-glucosidase [173]. later, the activation

of the hydrolysis of galaetocerebroside p-galadosidase by saposin C was also
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reported [174]. Deficiency of saposin Chas been linked to a variant form of

Gauchers disease [7].

A cDNA encoding human saposin B was first cloned in 1986 and

subsequently longer cDNAs encoding the entire open reading frame of prosaposin

had been confirmed by several laboratories [138t 175, 176]. CoUard et al [152] first

identified four similar polypeptide domains placed in tandem from analysis of a

cDNA encoding sulfated glycoprotein·1(SGP-1), the rat homologue of human

prosaposin. One of the domains of SGP-1 was identified as homologous with

human saposin B. These results suggested that four saposin proteins couId be

generated by partial proteolytic processing of prosaposin/SGP·1. However.

saposin A and 0 had not been recognized until O'Brien et al [138] analyzed the full

sequence of the precursor of human saposin C to be found that it al50 encoded

bath saposin Band C and two additional putative saposins, A and O.

1.7.3.2 Structure and Functions of Saposins

Ali saposins contain about 80 amino acids and each has one N·

glycosylation site, except human saposin A, which contains two N.glycosylation

sites. Their structures are similar to each other sinee they contain six identically

placed cysteine residuest two-conserved proline residues and one N.glycosylation

site. They alsa have similar circular dichrcism (CD) spectra [30]. It has been

noted that saposins have a remarkable similarity with other proteinst called

SAPLIP (saposin-like proteins)t which have a cysteine pattern identical to

saposins, a similar size and stability under extreme condition [177].
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Based on helical wheels with appropriate positioning of proline residues

and glycosylation sites and the localization of three patential disulfide bonds

formed by the 6 eysteine residues, a hypothetical secondary structure of sapasins

were predided [30] according to the Chou-Fasman rules [178]. This suggested a

similar strudure between sapasin A, C and D, but a different structure for sapasin

B because of the presence of a large p-sheet region and a lengthy C-terminal

helical region not present in saposin A, C, or O. However, they ail form three

internai disulfide bridges in the hydrophobie interior, whieh may explain their high

stability to heat [138, 179).

Circular dichroism spectroscopie studies of sapasins [30] indicated that

sapasin A, C, and 0 were enriched in a-helical structure (41 %-53% at pH4.5),

whereas saposin B had a lower a-helical content (26%) and mueh higher p-sheet

(34%). However, these theoretical models need to be verified by crystal structure.

The similar protein sequences and predicted structures of sapasins would

indicate a common strueture-function rationale. However, the functional

properties of sapasin B were thought to be different trom others because sapasin

B was shown to interad with lipid substrates forming a lipid and sapasin B

complex [141] while other sapasins interaet with enzymes instead of forming

complexes of sapasin and enzymes [180, 181] [182].

As shown above, sapasin B was the first identified sapasin. It stimulates

the hydrolytic activity of arysulfatase A for sulfatide, a-galactosidase A for

globotriaosylceramide hydrolysis, and acid ~-galaetosidase for GU1 ganglioside

[183]. The degradation of additional glycolipids and glycerolipids were aise shawn
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ta be activated by sapasin B [146]. Sapasin B seems ta aet as a detergent-like

protein solubilizing multiple lipid substrates for enzyme hydrolysis.

ln vitro saposin B-lipids binding assay followed by enzymatic hydrolysis

studies [141] demonstrated that saposin B aetivatect more efficiently the hydrolysis

of sulfatide by arysulfatase A than globotriaosylceramide by a-galactosidase A, or

GM1 ganglioside by l3-galactosidase A. Furtherrnore, the molar ratios of lipids,

ineluding Go1., GM1, GM2, GM3 gangaliosides and sulfatide were found to be 1:2

[141], which suggested that sapasin B may exist as a dimer during its association

with lipids. However, this has not been confirmed yet. In summary. saposin B

aets on a broad range of glycolipids within an acidie environment. to stimulate their

specifie hydrolysis within lysosomes. When comparing the interactions between

saposin Band GM2 activator protein with gangliosides detected in aqueous

medium, bath showed similar activities. While. the binding on TLC overlay

showed that sapesin B bound to ail gtycosphingolipids. GM2 adivator bound

preferentially ta the anionic glycosphingolipids [142]. Sapasin B was shown to be

able to transport glycosphingolipids trom donor to acceptor liposomes [145] and

facilitate the transfer of many glycolipids [141]. suggesting a specifie role in vivo to

transport acidic glycosphingolipids.

Sapesin C is considered as a sphingolipid aetivator because it stimulates

the hydrolysis of glucocerebroside by glucosylceramidase and galadocerebroside

by galadosylceramidase [30. 173]. Its physiologiesl significance has been

confirmed in variant Gauchers patients due to the lack of Sapesin C [7. 132].

ln contrast to sapesin B. saposin C interaets with the membrane-associated
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J3-glucocerebrosidase directly to form a more active complex by inducing a

conformational change in the enzyme [180]. Sapesin C aise activates the

hydrolysis of galactosylceramide and sphingomyelin. Thus, sapesin C does not

appear to interact with Iipid substrates, such as glucocerebroside. This has been

demonstrated when sepharose-linked sapesin C used as an affinity column for

glucocerebroside, did not form complexes with this lipid [180, 184]. Finally, high

molecular aggregates formed by glucocerebrosidase and sapesin Chas been

isolated from human tissue [185].

Sapesin A can stimulate the enzymatic hydrolysis of 4-methylumbelliferyl-p

glucoside. glucocerebroside. and galadocerebroside in vitro [179]. Stimulation of

acid p-glucosidase by sapesin A is similar to that by sapesin C but the degree of

stimulation is about one-third lower. The binding site of sapesin A and C were

shown to be the same [173].

Sapesin 0 is the least understood of the saposins. It has been reported to

be involved in sphingomyelin and ceramide hydrolysis [186. 187], but no detailed

information on its mechanism of action is available 50 far. However, the addition

of sapesin 0 to the culture medium of fibroblasts tram patients with prosaposin

deficiency leaded to a decrease in the accumulation of ceramide [188], thus the

funetion of sapesin 0 seems to be related to ceramide degradation rather than

sphingomyelin degradation. It was also found that sapesin D, but not the other

three saposins, stimulates the degradation of ceramide by a partially purified

preparation of ceramidase and that the saposin poorly interacts with ceramide at

acidic pH values [187]. Recently, it has been demonstrated that the association of
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saposins with œil membranes was highly dependent on the composition of the

bilayer [189]. The presence of aeidie phophoslipids sueh as phosphatidylserine or

phosphatidie aeid greatly favoured the interaction of sapasin 0 at low pH.

1.7.4 Mechanisms of Action of saposins

Although the involvement of sapesins in the degradation of sphingolipids is

weil established, their mechanism of action is still under debate. Saposin B, like

GM2 activator protein, is able to solubilize severa1sphingolipids in vitro, by binding

and bringing them into aqueous solution to make them accessible to specifie

Iysosomal hydrolases [141]. Wynn propesed the triple binding domain theory of a

glycosphingolipid to sapesin B based on the conformational studies of the

glycosphingolipids [190]. He predicted that there are three possible interactions

between a glycosphingolipid and the protein: (a) the hydrophobie interaction of the

hydrocarbon ehains of the ceramide moiety and a complementary hydrophobie

domain in the protein molecule; (b) the electrostatie interaction between sialie aeid

or sulfate group and a positively charged group of the protein; and (c) the

hydrophilie interaction between a hydroxyl group in a sugar moiety and a

complementary plane of the protein.

ln contrast, sapesin C, the physiological activator of glucosylceramidase,

interaets with the membrane-associated 13-glucocerebrosidase directly to form a

more active complex, promoting in this way the enzymatie aetivity [30, 128, 134,

191, 192]. At Jeast two modes of action were proposed for sapesin C. 1) The

activation effect of sapesin C might derive from an induction in the conformational
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change of the enzyme for optimal catalysis [180-182]. 2) Saposin C most likely

reconstitutes the enzyme activity by favouring the glucosylceramidase localization

on lipid surfaces of appropriate composition [193-195]. Saposin C aise activates

the hydrolysis of galactosylceramide and sphingomyelin.

Saposin A is believed to mediate its activating effect by diredly binding to

the enzyme [181]. It is not clear if saposin A and C have the same or different

mechanism of action on activation of hydrolases.

There is not much information on how saposin 0 aets as a sphingolipid

activator protein, however, it was hypothesized that saposin 0 activation depends

on its interaction with the enzyme rather than with ceramide [187].

1.8 Prosaposin/Saposins Related Diseases

The first demonstration of a role for saposins in human disease came from

the discovery of a variant form of metachromatic leukodystrophy (MLD) with

normal arylsulfatase A activity and deficiency of saposin B [8). Patients with this

disease present neurological deterioration and demyelination, severe progressive

mental retardation, and tissue accumulation of sulfatide in brain and in myelinated

nerves. However, unlike the classical form of metachromatic leukodystrophy. in

which arysulfatase A is deficient, patients who lack saposin B have normal or

nearty normal activities of arysulfatase A [6] [196-198]. Reloading of saposin B in

cultured fibroblasts from patients with saposin B deficiency corrects the impaired

degradation [8]. However, the fact that saposin Baise activates the hydrolysis of

other lipids by different enzymes is reflected by the composition of the storage
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material, which in addition to sulfatide, it al50 contains globotriaosylceramide and

GM3 ganglioside in sapasin B deficiencies [146].

Point mutations and amino acid insertions have been reported tram three

patients with sapasin B deficiency, an inherited autosomal recessive disease.

One is due to a single C-T transition in the 23rd codon of sapasin B domain

resulting in a threonine ta i50leucine amino acid substitution [6, 196]. A second

one is a G ta C mutation leading ta a substitution of a cysteine residue for a serine

residue within the sapesin B domain. The last mutation is due to an insertion of

33 nucleotides in the last one third of the sapasin B domain. In the first case, a

polar amino acid (threonine) is replaced with a nonpolar amino acid (isoleucine)

which in tum appears to eliminate the glycosylation signal and to increase its

proteolytica1degradation owing to exposure of a proteolytical site (arginine) two

residues to the amino-terminal side of the glycosylation site. The same

proteolytical hydrolase that cleaves prosapasin at dibasic residues at the saposin

boundaries could alsa cleave the mutant protein. The second point mutation

destroys the disulfide bonds and the correct three-dimensional strudure. The 33

nucleotide insertion occurs in the last one-third of the saposin B domain, changing

its hydropathy profile significantly and perhaps leading to its instability [30, 171].

A deficiency in sapasin C was first demonstrated in a variant form of

Gauchers disease [7]. Experiments shawn that sapasin C is an important

cofactor for the adivity of gluco-and galadoceramidases [173]. A 200-fold

elevation of glucocerebroside in spleen but normal glucosylceramide p

glucosidase adivity was found in a Gauchers disease patient [30]. Two point
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mutations in the sapasin C coding region, G1154 to T [199] and T1153 to G [200],

changing the cysteine residues to phenylalanine and glycine respectively, lead to

an atypical variant form of Gauchers disease. This indicates that the importance

of the cysteine residues for the stability of mature sapesins.

Another mutation resulting in entire prosapesin deficiency was reported in

two siblings of fourth cousin parents [131 ,132]. Biochemical analysis

demonstrated the accumulation of different sphingolipids including

glucosylceramide, galactosylceramide, and ceramide in patient's tissues.

Sequence analysis demonstrated an A-T transversion in the initiation codon

resulting in absence of prosaposin synthesis. Clinically. the patient presented

hyperkinesia, respiratory insufficiency 1 and hepatosplenomegaly and died by 16

weeks. Unfortunately, the defects in other organs such as the male reproductive

system had never been examined.

Sphingomyelinase aetivity was normal in this prosaposin deficient patient

and there was no storage of sphingomyelin, which suggest in vivo, that sapesins

are not essential for sphingomyelinase aetivity. Thus, the significance of saposin

o as an activator protein still needs more investigation.

It is known that saposin C deficiency cause Gauchers disease in the

presence of sapasin A, while sapasin A has been demonstrated in vitro to activate

the same enzymes for glucosylceramide and galactocylceramide. Therefore, it

can be concluded that saposin A cannot complement the defeetive sapesin C and

may not interaet with glucocerebrosidase in vivo.
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1.9 Objectives of the Present R....rch

ln summary, sapasins A, B, C and D are generated by partial proteolysis of

the same precursor, prosaposin in lysosomes. The gene encoding human

prosapasin has been partially cloned [175, 176], but not in the mouse and other

experimental specias. It is weil known that sapasins share a high degree of

structural similarity and that a group of several other proteins (called SAPLIPs)

contain saposin-like motif [177]. In addition. prosaposin exists in high

concentrations as a secretory protein in human milk, cerebrospinal fluids, and

seminal plasma [156] but its physiological role in extracellular fluids remains to be

determined. Firstly, to increase our understanding on the biogenesis of

prosaposin and the relationship between the structure and function of saposins

and saposin-like proteins, we cloned the mouse prosaposin gene and examined

the distribution patterns of mRNA variants produced by alternative splicing in

various tissues. We also compared the backbone structure of prosaposin cONAs

in mouse, rat, and human, to establish conserved features that are more likely to

have functional signiticance.

The second objective of the present study was to identify the domains that

are responsible for the targeting of prosaposin to lysosomes. We used a selective

mutagenic strategy by deleting the functional domains of sapesin A. B, C and D,

as weil as the N and C tennini of prosaposin. Then, we analyzed the final

destination of the truncated construds as compared to the wild type control using

pulse-chase analysis, confocal microscopy and EM immunogold labelling. The
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identified targeting domains were verified by attaching them to a secretory protein,

albumin. Chimeric constructs of albumin fused with partial sequence of

prosaposin were transfected into COS-7 cells and their final destination to

lysosomes was examined by confocal mi;"roscopy.

Finally, prosaposin was shown to have the highest level of expression in

brain as weil as in testes. Much attention had been given to the role of prosaposin

in the central nerve system, since the diseases (metachromatic leukodystrophy

and Gaucher'S) caused by mutations that affect sapesin B, C or the entire

prosaposin, present severe neurodegenerative symptoms. However, SGP-1, the

rat homologue of prosaposin is known to be one of the major proteins produced by

the testicular Sertoli cells. Therefore, we explored the role of prosaposin in the

male reproductive system by using a prosaposin (-,-) mouse model.
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2.1 MATERIALS

2.1.1 Ch.micala and Supplies

Ali restridion enzymes and modifying enzymes were purchased trom

Pharmacia Biotechnology Ine. (Uppsala, Sweden), Promega (Madison, WI),

Boehringer Mannheim (Bertin, Germany), Gibco-BRL (Missisaga, ON, Canada),

New England Biolabs (Mississauga, Canada) and Stratagene (La Jolla, CA). The

pGEM-T, pGEM-3Z(+) and the pGEX vectors were purchased trom Promega

(Madison, WI), the pcDNA3.1 vector was bought trom Invitrogen (Carlsbad, CA),

and pMAL vector was tram New England Biolabs (Mississauga, Canada). The

mouse testicular Unizap XR cONA library was obtained trom POl BioScience

(Aurora, ON, Canada). The rat testicular cDNA library was trom Stratagene (La

Jolla, CA), the mouse EMBL 3 genomic library was trom Clonetech (Palo Alto,

CA). The albumin cONA clone was purchased from ATCC (Manassas, Virginia).

Pepstatin A (Isovaleryl-Val-Val-Sta-Ala-Sta) and Phenylmethyl-sulfonylfluoride

(PMSF) were purchased from Sigma (Oakville, ON, Canada). Aprotinin,

Leupeptin, (+)-Brefeldin A (BFA) were trom CalBiochem (La Jolla, CA).

Endoglycosidase H (Endo H) was trom Roche (Laval, Quebec). Dulbecco's

modified eagle medium (DMEM), fetal bovine serum (FBS) and trypsin were

bought from Gibco-BRL (Grand Island, NY). Dulbecco's modified eagle medium

without methionine and cystine and L-glutamine, L-methionine, L-glutamine and

cysteine were purchasect fram Sigma-Artdrich (INine, UK). Nu-Serum V Culture

was tram Decton Dickinson Labware (Bedford, MA). ECL, Hybond nylon

membrane was purchased trom Amersham (Oakville, ON, Canada), bovine serum
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albumin tram Boehringer Mannheim, and Kodak x-omat film from Eastman Kodak

Co. (Rochester, NY). Radioisotopes 32p and 35S (Trans35S-Label) were bought

tram Dupont-NEN (Guelph, ON, Canada) and ICN (Irvine, CA). Glutaraldehyde,

osmium tetroxide and Lowicryl K4M were obtained from MecaLab (Montreal,

Quebec). LysoTracker Red DND-99 was purchased from Molecular Probe

(Eugene, OR).

2.1.2 Antibodies

Anti-procathepsin B polyclonal antibody was a generous gift tram Dr. John

Mort, Shriners Hospital, McGiII University. Mannosidase Il polyclonal antibody

was kindly provided by Dr. Marilyn Farquhar, Yale University. Anti-myc

monoclonal antibody was purchased from Invitragen (Carlsbad, CA). Anti

prosaposin polyclonal antibody was generously provided by Dr. Michael O.

Griswold, Washington State University. Another prosaposin antibody was

generated by immunization of rabbits with recombinant prosaposin expressed in

E.Coli and affinity purified with a GST purification kit (Amersham Pharmacia,

Piscataway, NJ). Goat anti-mouse IgG1 conjugated to agarose, protein A

conjugated ta agarose, goat anti-mouse IgG conjugated to fluorescein

isothiocyanate (FITe), and goal anti-rabbit IgG conjugated to

tetramethylrhodamine isothiocyanate (TRITe), peroxidase-conjugated goat anti

rabbit antibody were bought from Sigma-Aldrich (Irvine. UK). Goat anti-mouse

IgG conjugated te 1Qnm colloidal goId partieles and goat anti-rabbit IgG

conjugated to 15 nm colloidal gold particles were purchased tram Cedarlane
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(Homby, ON, Canada).

2.1.3 Oligonucleotid..

Table III shows oligonucleotide primers (1-20) used during the sequencing

of the mouse prosaposin genomic DNA. Table IV shows oligonucleotide primers

utilized in polymerse chain reactions (PCR) during the engineering of wild type and

truncated prosaposins aimed at studying its intracellular trafficking. Table V shows

the oligonucleotide primers used during the engineering of chimeric proteins

consisting of albumin and a fundional domain of prosaposin by peRo AIl of the

oligonucleotide primers were synthesized in the Sheldon Biotechnology Center,

McGiII University (Montreal, Quebec).

2.1.4 Animais

Prosaposin (+/-) mica were donated by Dr. Kunihiko Suzuki, from The

University of North Carolina School of Medicine. Male and female prosaposin

heterozygous mice were mated to generate homozygous mica with the disrupted

prosaposin gene. Prosaposin (-,-) and littermate control mica (29-40 days old)

were anaesthetized and sacrificed for experiments.

For the preparation of an anti-mouse prosaposin antibody, New Zealand

white famale rabbits weighing 2.5-3 kg were bought from Harlan Sprague-Dawtey

Inc.(lndianapolis. IN ).
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TableUI: Prime,. Utilized for Sequencing the Mou.e Prosaposin Gene

1: 5' gcagcctgcggagtgaagcgccg 3' 2: 5' atgctcctgccctctggctcacca 3'

3: 5' agaaaaacagcaccaaggag 3' 4: 5' gttcattaccetagaccca 3'

5: 5' tgatctcaaacaagccacc 3' 6: 5' gdcccagaaacctgatg 3'

7: 5' gtetgttctgaacatggctttcc 3' 8: 5' ttgaaatetcccacccgctc 3'

9: 5' actcgaaacacattcagaagg 3' 10: 5' agccatgtgcctcctcagaaga 3'

11 : 5' ctcgggtagtatgtatagett 3' 12: 5' atactgtgcccaaactgggtg 3'

13: 5' gctgcttatcaggcaacccc 3' 14: 5' gaatgccaggccacaccacc 3'

15: 5' ggaggaetcattaatttccagg 3' 16: 5' gactgggaacagcgtccag 3'

17: 5' ggcagacgtcetcgttggc 3' 18: 5' atgccetettctggtgtgtc 3'

19: 5' gaagagetgatgatgggcagc 3' 20: 5' gcctcacaaccatcagtagtaca 3'

Numerals on right sida indicate primer's number used in the text.
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Table IV: Oligonucleotides Synthesized for Mutagenic Con.truc..

Names Sequences

F: 5' CGCCACCATGTACGCCCTCGCCCTC 3',

R: 5' GGAATTCCACACATGGAGTTTGCAAT 3',

~,: 5' ACAGCGAAATACTTGGCCGAGCA,AAAC 3',

~: 5' GGCCAAGTAATTTCGCTGTGGGCTTG 3',

âBf: 5' CAACCTAAGAAGAGAGTGCCAATGAAG 3',

âBr: 5' CACTCTCTTCTTAGGTTGGGGCTGGCT 3',

âCf: 5' CAGGCCCACGAGTTGGTGGAGGCACTT 3',

âCr: 5' CACCAACTCGTGGGCCTGGACCAGAT 3',

âD,: 5' CCTCAGAAGCTGCTGCTGGGAACCGA 3',

âDr: 5' CAGCAGCAGCTTCTGAGGAGGCACATG 3',

âNf: 5' AGCCCTGTCTCCCTTCCTTGCGACATA 3',

~Nr: 5'AGGAAGGGAGACAGGGCTGGTCAGAG3',

~COOHr 5' GGAATTCTTATAGGCAGAAGGGCAA 3'.
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Table V: Oligonucleotides used in constructing the chimera protein

of albumin and partial prosaposin.

Names Sequences

Alb-F: 5'cgccaccatgaagtgggtaacetttatttc3',

F-alb: 5'gcettagggctgctgdgggaaccga 3'

Dcooh~F: 5' gccttagggaatggtgggttetgtgag 3'

CDcooh~F: 5'gccttagggaatetggtccaggcccac 3',

R~alb: 5'cagcagcagccetaaggcagcttgadt 3',

Dcooh-R: 5' cccaccattccetaaggcagcttgactt 3'

CDcoohR: 5'gaccagattccetaaggcagettgactt 3'

R: 5' ggaattccacacatggcgtttgcaat 3'



• 2.2 METHODS

The techniques described in this section were grouped into four categories:

molecular biology, protein biochemistry, electron microscopy1 and confocal

microscopy.

2.2.1 MOLECULAR BIOLOGY

2.2.1.1 Cloning of Mous. cONA

Primers Mf and M, were used for the in vitro synthesis of a mouse

prosaposin cDNA using a Unizap XR mouse testicular cDNA library as a template

in polymerase chain reaction (PCR). The sequences of the primers were Mf: 5'

gcagcctgcggagtgaagcgccg 3' and Mr: S' atgctcctgccctctggctcacca 3'. PCR was

performed in a 50 J.l1 volume containing 5 J.l1 of 10 x PCR buffer (with 1.5 mM

MgCI2). 0.3 uM of each primer. 0.2 mM of dNTP, 1 tJl of the testicular cDNA library

(106pfulf.11) and 2.5 units of Taq DNA polymerase. Samples were denatured at

94°C for 5 min. mixed with Taq DNA polymerase and cycled at 94°C (1 min), 55

65°C (1 min), 72°C (2 min), with a final extension at 72°C for 10 min.

Approximately 10 1011 of amplified sampie were resolved on a 1% agarose gel. A

2.2 kb PCR produet was obtained and subcloned into a pGEM-T vector following

the manufacturer's protocol. The subdoned cONA fragment was confirmed by

double stranded DNA sequencing. The 2.2 kb DNA was then radiolabeled with

32p by random priming according to Sambrook et al (1984). Brie1ly, 50 ng of the

purified PCR product was denatured by boiling for 5 min then kept cool on ice.

• dNTP (without dCTP). 32P-dCTP (250uci). 1X buffer and T7 DNA polymerase
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were added and incubated at 37°C for 30 min. After passing through a Sephadex

G-SO column to remove ail unlabeled radioactive molecules, radioactive labeled

probe was measured.

2.2.1.2 Screening of a Mou•• Testicular cONA Library

To clone the mouse prosaposin cDNA for in vitro mutagenic analysis, a

mouse testicular cONA library subcloned into the Uni-Zap XR vector (Stratagene)

was screened by a radioactive 32p labeled PCR-amplified ONA fragment (as

described in 2.2. 1.1) and used as a probe. An aliquot containing a million

recombinants was screened by transfer of plaques onto nitrocellulose membranes.

The membranes were prehybridized ovemight in 10/0 BSA, 7% SOS, 0.5 M

Na2HP04 (pH 6.8), 1 mM EOTA (pH 8.0) at 6SoC, and hybridized in the same

incubation solution containing prosaposin cDNA probe (106 cpm/ml) labeled with

32P-dCTP at 6SoC for 18 h. High stringency washes were performed in 0.50/0 aSA.

50/0 SOS, 40 mM Na2HP04 (pH 6.8), 1 mM EDTA (pH 8.0) at 65°C for 30 min.

Five positive clones were obtained and verified by PCR with primers 3 and 4

(Table Il). Purifiect positive phages were grown and the cDNA inserts were

excised trom the phage according to the manufacturer's instructions. A positive

clone containing a tull-Iength prosaposin cDNA (2.2 kb) was confirmed by

digestion with restriction enzymes (EcoRllXhol) and sequencing.

2.2.1.3 Cloning of Rat Testicula, cDNA

Two synthetic oligoneucleotide primers were prepared according ta the
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published cONA sequences of rat SGP-1 (prosaposin) to generate the cDNA

using a rat testicular cONA library (Lambda dash Il) as a template by PCR (as

described in 2.2.1.1). The primer sequences of the rat were Rf: 5'

attgcatgcggagtgaagcg 3' and R,: S' gttcattaccctagaccca 3'. The amplified cDNA

fragments were subcloned into the pGEM-T vector and their fidelity was confirmed

by sequencing.

2.2.1.4 Screening a Mou•• G.nomic Library by • PCR-ba••d M.thod

ln order to increase the chances of obtaining positive clones and reducing

the strenuous work of sreening a library, a PCR-based method was applied.

Forty-two aliQuots of the original library (106 ptullJl) containing 2.4 x10" plaques

forming units (pfus) were amplified by PCR with a pair of oligonucleotide primers 3

and 4 (Table Il). The PCR readion was performed as described above. A

positive 1.7 kb ONA fragment was found in 3 out of 42 aliquots. This fragment

was subcloned, sequenced, and confirmed to correspond to the prosaposin gene.

Then two sets of replica filters were made from the three positive aliquots using

Amersham hybond nylon membranes. The filters were rehybridized ovemight at

65°C in 1% aSA, 7% SOS, 0.5 M Na2HPO.. (pH 6.8), 1 mM EDTA (pH 8.0), and

hybridized at 65°C for 18 h in the same incubation solution containing the

prosaposin cDNA probe (106 cpm/ml) labeled with 32P-dCTP. High stringency

washes were performed in 0.5% aSA, 5% SDS, 40 mM Na2HPO.. (pH 6.8), 1 mM

EDTA (pH 8.0), three times for 30 min each. Positive clones were further verified

to correspond to the prosaposin gene by repeating the PCR with primers 3 and 4
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as described above. After three rounds of plaque purification, the genomic DNA

was isolated by the clear Iysate method (Sambrook et al., 1989) from the two

longest positive clones. Limited restriction mapping with the Sac 1 restridion

enzyme and Southem blot analysis with the prosaposin cDNA probe showed

severa1 positive restriction fragments corresponding to the exons of the

prosaposin gene that were subcloned into the Sac 1 site of the plasmid vector

pGEM-3Z (+) and sequenced.

2.2.1.5 DNA Sequencing Analysis

The PCR amplified DNA segments and DNA fragments excised

from the mouse genomic library were subloned into appropriate vectors for

sequencing. Sequencing was done by the dideoxy chain termination method [201]

on both strands. The T7 polymerase sequencing kit trom Pharmacia was used

with appropriate sequencing primers. Sequencing was done at Sheldon

Biotechnology Center, McGiII University and at the Bio S. & T. Inc. (Montreal,

Quebec) using automatic sequencers (ABI).

2.2.1.6 Reverse·Transcripion (RT)-PCR

To determine whether or not exon 8 was spliced out in various tissues, two

oligonucleotide primers matching the flanking coding region of this exon were

designed. The two primers have the following sequences: sense primer: S'

ggaccacgtgaaggaggat 3' and antisense primer: 5' acagaagccagccagccagcacaca

3'. Total RNA (S JJg) trom brain, heart, lung, spleen, pancreas, kidney, muscle
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and testis were isolated according to the method of Chomczynski [202]. Total

RNAs were denatured at 70°C for 10 min, cooled to rcom tempreature, and

incubated with reverse transcriptase in the presence of 40 pmol of sense primer,

20 J.11 of Rnasin, 0.5 mM dNTPs, 1 mM OTT, 20 mM Tris buffer pH 8.4, 50 mM

KCL, 2.5 mM MgCL2, and 0.1 mg/ml of nuclease-free bovine serum albumin in a

total volume of 20 ul. The readion was started at 23°C for 10 min and the cDNA

was synthesized at 42°C for 45 min. The heteroduplex was then denatured at

95°C for 10 min and the PCR amplification was started by adding 1.5 units of Taq

DNA polymerase, 40 pmol of antisence primer, and PCR buffer in a total volume

of 100 ul. After denaturation at 95°C for 5 min, the reaction was cycled 30 times

at 95°C for 40 sec, at 55°C for 30 sec, and 72°C for 45 sec. The cycles were

terminated bya polymerization step at 72°C for 15 min. DNA fragments of 106 bp

and 115 bp corresponding to the predicted different produets of the altematively

spliced exon 8 were separated by non-denatured polyacrylmide gel (12 % w. v)

eleetrophoresis in 90 mM Tris buffer (pH 8.0),90 mM borate, 2 mM EDTA. The

DNA was stained with ethidium bromide.

2.2.1.7 Southern Blot Analysi.

Ta analyze the length of the DNA inserts within the phage plasmid and to

deterrnine the presence of exons in the restriction enzyme excised fragments,

southem blot analysis were utilized. In every case, 5 J.1g of phage DNA purified

from the positive phages were digested with the restriction enzyme Sac 1at 37°C

ovemight, and the resutting fragments were eledrophoresed on a 0.80/0 agarose
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gel. The gel was transferred onto a hybond nylon membrane, prehybridized and

hybridized with a 32p labeled prosaposin cDNA as a probe at high stringency

incubation condition as described above. The radioautographic film was exposed

for 1-2 days at -80°C and developed.

2.2.1.8 Mica Genotyping

Pieces of mice tails (0.5 cm long) were cut and the total genomic DNA

extraded using a salt precipitation method. Briefly, tait of mouse was eut into

small pieces and incubatecl in Iysis buffer (1% SOS. 0.1M NaCI, 0.1 M EDTA pH

8.0, 0.5 M Tris pH8.0) with proteinase K (10 mg/ml) ovemight at 37°C. 1/3 of the

volume of saturated NaCI was added to the incubation buffer, samples were

centrifuged for 10 min at 13,OOOxg after vortexing. Supematants containing DNA

were precipitated with 2 volumes of absolute ethanol. DNA precipitates were

dissolved in ddH20.

Two sets of primers were designed to flank the exon 3 region of the

prosaposin gene, where the neomycin-resistant gene was inserted to disrupt the

expression of prosaposin. Primers PNF: S' cgcattgcatcagccatgatgg 3' and PNR:

5' ggagaggetattcggdatgac 3' amplified a 300 bp long ONA fragment in hetera- and

homozygous genotypes. While primer PSF: 5' ccagcagatggtdggagcaag 3' and

PSR: 5' ttcagcaagttcccagettcgg 3' amplified a 900 bp fragment in the case of the

wild genotype and a 2.2 kb fragment in the case of hetercr and homozygous

genotypes.

PCR was performed in a volume of 25 Joli, containing 2J.1I of tait genomic
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DNA (200 ng), 0.2 mM of dNTP, 0.2 uM of eaeh primer, 1x PCR buffer (with 1.5

mM of MgCI2), 0.5 unit of DNA taq polymerase (Qiagene) cycled at: denaturing at

94°C for 1 min, annealing at SOoC for 1 min and extending for 1 min at 72oC, with

a final extension of 10 min. PCR produets were resolved in a 1.5 % agarose gel

and stained with ethidium bromide.

2.2.1.9 Recombinant cDNA Constructs

A full-Iength prosaposin cDNA was obtained by screening a mouse

testicular cDNA library as described in 2.2.1.2. The full-Iength 2.6 kb prosaposin

cDNA in the plasmid was used as a template for the different construets made

during this study. The fidelity of individual construets was confirmed by restriction

mapping and DNA sequeneing (Sheldon Biotechnology Center, McGiII University).

2.2.1.9.1 Wild Type Prosaposin

Pro-WT, is the wild type prosaposin eDNA subcloned into a mammalian

expression vedor pcDNA3.1B. A pair of primers F: 5' cgccaccatgtacgccctcgccetc

3', R: 5' ggaattccacacatggcgtttgcaat 3', was used to amplify a 1.6 kb fragment

consisting of the whole open reading frame of prosaposin by PCR with vent DNA

polymerase. A Kozak sequence CGCCACC was added to primer Fe at the 5' end.

An EcoRI restriction site (GAATTC) was added to the 5' end of primer R for

suitable subcloning. The pcDNA3.1 B vedor was digested with BamHI and filled in

with a Klenow fragment ta create a blunt end. The vedor was digested with
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EcoRI, purified and the DNA concentration was estimated. PCR fragments were

digested with EcoRI restriction enzyme, purified and subcloned into the prepared

pcDNA3.18 veetor. The resulting plasmid was designatect Pro-WT.

2.2.1.9.2 Truncation of the N- and C-termini of Prosaposin

~N ...term and âC...term, are prosaposin constructs lacking part of the N...

terminus (residues17...59) and C-terminus (residues 520-S56). For the L\N-term

truncated construct, part of its N-terminal region in front of saposin A was

eliminated. An upstream primer Nf: 5' agccctgtctcccttccttgcgacata 3' and

downstream pfimer Nr: S' aggaagggagacagggctggtcagag 3' were designed

according to the sequence of prosaposin cDNA. Two pairs of pfimers, F/Nr and

Nt/R, were used in the first run of PCR. FIR primers were utilized in the second

run of PCR using amplified FINr fragment and N,IR fragment as templates. PCR

fragment (1.S kb) was digested by EcoRI restriction enzyme and purified before

subcloning into the prepared pcDNA3.1B vector. The resulting plasmid construct

was called âN-term.

For the ~C-term truncated construct, the same upstream F primer and a

new downstream primer COOHr: S' ggaattcttataggcagaaggggcaa 3' were used to

eliminate a sequence of 36 amino acid residues (520

LLLGTEKCVWGPSYWCQNMETAARCNAVDHCKRHVWN-s56) in the C-terminus

and subcloned into the pcDNA3.1 B vector.
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2.2.1.9.3 Truncation of the Saposln A, S, C and 0 Domain•

~ (residues 57-147), ~B (residues 189-278), ~C (residues 309-396),

and .10 (residues 434-522) mutant plasmids, were prosaposin construds lacking

individual saposin fundional domains. Three pairs of primers were used for each

construet. The extemal primers FIR were the same as for the Pro-WT construet.

The two internai primers were At: 5' acagcgaaatacttggccgagcaaaac 3' and ~:

5'ggccaagtamcgetgtgggcttg 3' for t!A; primers Bt: 5'

caacctaagccgagagtgccaatgaag 3'and Br: 5'cactctcttcttaggttggggctgget 3' for .1B;

primers Cf: S' caggcccacgagttggtggaggcactt 3' and Cr:

5'caccaaetcgtgggcctggaccagat 3' for ~C and primers Of: S'

cctcagaagdgetgctgggaacega 3' and Dr: 5' cagcagcagcttetgaggaggcacatg 3' for

.10. Ali these primers were backwards to each other. The primers F/~ and At/R,

FIBr and Bt/R, FICr and Ct/R, and FIOr and DtlR were used in the first run of PCR

for .1A, âB, âC, and ~O construets, respectively. Primers F/R were used in the

second run of PCR using the amplified FI~ and AtiR fragments, FIBr and BtlR

fragments, F/Cr and CtiR fragments, and FIOr and DtlR fragments as templates for

each construet. The final PCR products were purified and digested with EcoRI

and then subcloned into the prepared pcDNA3.1 B vector.

2.2.1.9.4 Chimeric Con.tructs of Albumin with Partial Prouposin Domain.

Alb/Pro-c-term, Alb/(Pro-O+Pro-c-term), Alb/(Pro-C,D+Pro-c-term), were

fusion protein construets containing the full length albumin and partial prosaposin

sequences, i.e. the C-terminus of prosaposin (AlbiPro-c-term), domain 0 plus the
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C-terminus of prosaposin (AIbJPro-O+Pro-c-terrn), and domains C and 0 plus the

C-terminus of prosaposin (Alb/Pro-C,O+Pro-c-term). Alb-WT was wild type

albumin. Three pairs of primers were used in each of the chimerie constructs

except in the wild type albumin whieh had one pair of primers (Alb-FIAIb-R)

prepared according to the nucleotide sequence of albumin. Primers Alb-F:

S'cgccaccatgaagtgggtaacetttatttc3', R-alb: 5' cagcagcagccctaaggcagcttgactt 3', F

alb: S' gccttagggctgdgctgggaaccga 3' and R were used for Alb/Pro-c-term;

Primers Alb-F, Ocooh-R: 5' cccaccattccctaaggcagcttgactt 3', Dcooh-F: S'

gccttagggaatggtgggttctgtgag 3' and R were used for chimera Alb/(Pro-D+Pro-c

term). Primers Alb-F, CDcooh-F: 5'gccttagggaatctggtccaggcccac 3', CDcooh-R: S'

gaccagattccetaaggcagcttgactt 3' and Re were used for the chimeric construct

Alb/(Pro-C,O+Pro-c-term). Primers Alb-F/R-alb and F-alb/R were used for

ehimeric construct Alb/(Pro-c-term); primers AIb-F/Dcooh-R and Dcooh-F/Rc were

for ehimeric construct AlbI(Pro-D+Pro-c-term), and primers AIb-F/COcooh-R and

CDcoohF/R were for chimeric construd Alb/(Pro-C,O+Pro-c-term) in the first PCR

run, the amplified two fragments of eaeh construd were mixed and used as

templates in the second run of PCR with the same pair of primer Alb-F1Re. Alb-F

and Alb-R: 5' ggaattccetaaggcagcttgactt 3' were the primers used for amplification

of the wild type albumin (1.8 kb). Final PCR products were purified and digested

with EcaRI restriction enzyme and subcloned into the same pcDNA3.1 B vector.

2.2.1.10 Cell Culture and Transfectïons

Cos-7 cells were maintained in Dulbecco's modified eagle's medium (0-
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uglml streptomycin in an atmosphere of 5% C02 at 37°C. CeIls (600/0 confluence)

grown on cover slips (12 mm in diameter) within 6 weil dishes were transfected

with LipofectAMINE according to the manufadure's instruction. Cells grown in

100 mm petri dish were transfeeted according to DEAE-dextran method [203].

Briefly, COS-7 cells (5x105
) were seeded into DMEM containing 100/0 Nu-serum

ovemight. 5).19 of plasmid ONAs were mixed with 40 ).11 of 50/0 DEAE-dextran, 5 J.11

of 0.1 M chloroquine phosphate in 5 ml of DMEM with 100/0 Nu-Serum for 4 hours.

CeUs were then shocked with 100/0 DMSO in PBS for 1 min, rinsed with PBS and

fresh DMEM containing 10% FBS was added for at least 48 hours.

2.2.2 PROTEIN BIOCHEMISTRY

2.2.2.1 Western Blotting

After 48 h of transfection with different plasmid constructs, cells were

rinsed twice with cold PBS, Iysed with 1x sample buffer (125 mM Tris pH6.8, 2%

SOS, 5% glycerol, 1% J3-mecaptoethanol), boiled for 5 min. Approximately 50 ).1g

of total protein was loaded and resolved in 10% SOS-PAGE gel and transferred to

0.45 J.1m nitrocellulose membranes. Membranes were blocked in 5% non-fat dry

milk in TTBS (10 mM Tris pH 7.5, 1S0mM NaCl, 0.050/0 Tween 20) and probed

with anti-mye antibody (1:1000). The blots were washed three times in TTBS

buffer before incubation with a goat anti-mouse IgG (1 :2000) conjugated with

horseradish peroxidase antibody. After washing three times in TTBS, the

• membranes were developed by enhanced chemiluminescence reagent (ECL) and
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exposed to X-ray films for 1-60 min.

2.2.2.2 Metabolic Labelling and Immunoprecipitation

Cells were washed twice with cold PBS after 48 hours of transfection

with different plasmid constructs. starved for one hour in starvation medium

(DMEM lacking of methionine and cysteine but containing 50/0 of dialysect fetal

bovine serum and 200 mM glutamine). CeUs were then pulsed in starvation

medium supplemented with Trans35S-label (300 uCi/ml) for the times indicated.

For experiments including chase periods, the radiolabelled medium was removect

and the cells were washed twice with PBS and incubated with œil growth medium

supplemented with unlabelled methionine (1.5 mg/ml) and cysteine (2.4 mg/ml) for

the chase time indicated. When specified, cells were incubated with brefeldin A

(20 ug/ml) for 1 hour prior to the addition of medium containing the radiolabelled

and fresh brefeldin A.

Monolayers of cells and media were collected. Cells were Iysed with 1x

Iysis buffer (10/0 Triton X-100, 150 mM NaCI, 10 mM. Tris pH 7.4. 1 mM EDTA, 1

mM EGTA pH 8.0. 0.2 mM sodium ortho-vanadate, 2 mM PMSF, O.5°~ NP-40. 10

ug/ml pepstatin A. 10 ug/ml Aprotinin, 10 mg/ml leupeptin). After incubating with

primary anti-myc antibody or antibody against prosaposin bound to anti-mouse

IgG-agarose or protein A agarose, the immunoprecipitates were washed three

times with 1x Iysis buffer. Samples were then resolved by SOS-PAGE and

radioactive signais were visualized by fluorography. A 150/0 tricine-SOS-PAGE

[204] was performed to resolve smaller molecular weight proteins.
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2.2.2.3 EndoH Treatment

To digest the immunoprecipitates with endoglycosidase H, they were

released from the agarose and antibodies first, by boiling in 50 JlI of 1 % SOS and

200 mM dithiothreitol for 5 min. An squal volume of 100 mM citric acid buffer (pH

5.5) and 1U of endoglycosidase H was added to the immunoprecipitates and

incubated at 37°C for 16 h. The processed samples were resolved by 100/0 SOS

PAGE and detected by fluorography.

2.2.2.4 Antibody Production

A pair of primer was prepared (Farward primer: 5' acagcgaaatccettcettg

3'; Reverse primer: S' gacetcattacagaagcc 3') to synthesize part of the damain of

prosaposin (containing the domains encoding saposin A and B, residue 57-275)

by PCR. A 1.2 kb fragment was amplified and subconed into E.coli expression

vedors pMAL (producing maltose binding fusion protein) and pGEX (making

glutathione S-transferase (GST) fusion protein) for the purpose of antigen

preparation and antibody purification respectively. Inserts within the plasmids

were confirmed to be the prosaposin sequence by using the dideoxy chain

termination method with T7 Polymerase (Pharmacia). Expressed prosaposin

fused with the maltose binding protein was purified by maltose affinity

chromatography with amylose resin column according to the manufadurer's

instrudion. Purified prosaposin fusion protein was then concentrated by

Microcon-30 (Arnican, Beverly, MA) to produce the final antigen with a

concentration of 1mglml. Antibody was prepared by immunizing rabbits with 0.5

62



•

•

ml of Freund's adjuvant (Sigma) mixed with the expressed fusion prosaposin

(1 mg/ml) according to conventional methods. Briefly, after 3-4 times

immunization. 100-120 ml of blood was collected through the hearts of the rabbits.

Crude anti-serum was immunoaffinity chromatography purifiecl by passing over

Affi-Gel 15 column (Pharmacia) coupled with GST fusion of the same amino acid

residues of prosaposin following the manufacturers instruction. The affinity

purified antibody was immunoblotted to test for its immunoreactivity and purity.

2.2.2.5 S8condary Structure Predictions

The secondary structure predictions of rodent and human prosaposins

and predicted mature saposins were generated on the PredictProtein server at

EMBL-Heidelberg according to the Profile network prediction HeiDelberg (PHO)

methods of Rost and Sander [205], which employa subroutine (MaxHom) to align

homologue identified in the Swissprot database [206]. Maxhom identified guinea

pig (SwissProt entry P20097) and bovine (P26779) saposin C as homologues of

mouse saposins A, C, 0 and SGP-1; mouse (P50405) and rat (P22355)

surfactant-associated proteins (SP-B) were identified for mouse saposin A; a

canine (P17129) pulmonary surfactant protein was identified for mouse saposin C.

2.2.2.6 Hydropathy Profile

The deduced structures of mouse prosaposin and human prosaposin

with and without (rat) a COQ insertion in domain B or with (rat and mouse) and

without (human) a proline-rich segment located between domain C and D were
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analysed by the method of Kyte and Doolittle [207]. A unique histidine in the

human sequence was included and analyzed in the human prosaposin.

2.2.2.7 Me.surement of Serum Testosterone

Blcod samples were collected trom anaesthetized prosaposin

homozygous (-/-) mice and prosaposin heterozygous (+/-) mice (as controls).

Serum testosterone was measured in triplicates by radioimmunoassay at the

Endocrinology Unit, Royal Vietoria Hospital (Montreal, Quebec).

2.2.3 LIGHT AND ELECTRON MICROSCOPY

2.2.3.1 Light Microscopy

2.2.3.1.1 Perfusion, Tissue Preparation and Morphological Examination

Prosaposin homozygous (-/-) and prosaposin heterozygous (+/-) control

mice trom the same litters were anesthetized with sodium pentobarbital

administered intraperitoneally. Tissues including testes. prostate glands, seminal

vesicles, and epididymis were fixed with Bouin's fixative by perfusion through the

left ventricle of the heart for 15 min. Subsequently, the organs were removed and

sectioned in smaller blacks. The tissue was immersed in Bouin's fixative 2-3 days

at 4°C, after which it was dehydrated sequentially in 30°A" 500/0 and 70% enthanol

for several hours. and then embedded in paraffin. The paraffin sections of the

tissues (5 um thick) were stained with hematoxylin and 80sin and examined under

light microscope.
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2.2.3.1.2 Immunoperoxidas. Staining

Paraffin sections were deparaffinized in xylene and hydrated in a series

of graded ethanol solutions. During hydration. residual picric acid was neutralized

in 70% ethanol containing 1% lithium carbonate, and endogenous peroxidase

aetivity was abolished in 70% ethanol containing 1% (vol/vol) hydrogen peroxide.

Once dehydrated, the tissue sections were washed in distilled H20 containing 300

mM glycine to block free aldehyde groups.

Prior to immunostaining, sections were blocked for 15 min with 10 0/0

goat serum in TBS (20 mM Tris-HCI-buffered saline pH 7.4). This and

subsequent treatments were accomplished by placing 50 J.lI of a solution on a

coverslip and overtuming the tissue face of the siide onto the drop, thus ensuring

that the entire tissue was treated with minimal fluid. Coverslips were removed by

dipping the slides in TBS containing 0.10/0 tween-20 (TWBS). Sections were then

incubated in a 37°C humidified incubation chamber for 1.5 hr with primary

antibody. Following four consecutive 5 min washes in TWBS, sections were once

again blocked with 10% goat serum in TBS. They were incubated for 30 min with

goat anti-rabbit IgG conjugated to peroxidase diluted 1:250 in TBS. This was

followed by four 5 min washes in T""BS.

The final reaetion produet was achieved by incubating the sections for

10-12 min in 500 ml of TBS containing 0.03% H202. 0.1M imidazole and 0.05%

diaminobensidine tetrahydrochloride (pH7.4). Siides were then washed in distilled

H20 and counterstained with 0.1 % methylene blue for 10 min. The tissue was

dehydrated by passing slides through a graded ethanol series, after which the
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sections were cleared and mounted with permount medium. Normal rabbit serum

at a dilution of 1:20 served as a control.

2.2.3.2 Electron Microscopy

Prosaposin homozygous (-/-) and prosaposin heterozygous (+/-) control

mice trom the same litters were anesthetized with sodium phenobarbital and fixed

by intracardiac perfusion with 2.5% glutaraldehyde in O. 1 M phosphate buffer at

pH 7.4 at the age of the late onset of the symptomatic phenotype (10). Fixed

tissues including testes, prostate glands, seminal vesicles, and epididymis were

excised and cut into 1 mm3 pieces. After washing in O. 1 M cacodylate washing

buffer, samples were postfixed in ferrocyanide reduced osmium, washed in 0.1M

cacodylate buffer, dehydrated sequentially in 300/0, 500/0 and 70% enthanol and

propylene oxide and then embedded in epon. The epan blocks were trimmed and

ultrathin sections of tissues were mounted on copper grids and examined with a

Philips 400 electron microscope.

2.2.3.2.1 Immunocytochemical Gold Labelling

After 48 h of transfection with different plasmid constructs, culture cells

were detached trom the culture dishes with 0.1 % trypsin in HBSS (Hank's

Balanced Salt Solution). The cells were pelleted and fixed with 40/0

paraformaldehyde and 0.5% glutaraldehyde in O.05M phosphate buffer (pH 6.8).

The œil pellets were washed several times in phosphate buffered saline (PBS)

and dehydrated in cold methanol and embedded in Lowicryl K11 M as described
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previously by Sylvester et al. [153] and Hermo et al. [208].

Ultrathin Lowicryl sections were mounted on 300-mesh Formvar-coatect

nickel grids (Polyscience Inc., Warrington, PA). Each grid containing 5-6 section

was floated for 15 min on a drop of 20 mM Tris-HCI-buffered saline (TBS)

containing 15% (v/v) goat serum and then ineubated for 30 min on a drop of anti

mye monoclonal primary antibody diluted in 1:100 in TBS. The grids were then

washed in TBS containing 0.050/0 Tween-20. After blocking again with 15% goat

serum, grids were incubated with goat anti-mouse IgG conjugated to colloidal gold

(10 nm). For double staining with a Iysosomal marker, grids were blocked and

incubated with procathepsin B (1 :50) following the same procedure as mentioned

above. A goat anti-rabbit secondary antibody conjugated with colloidal gold (15

nm) was used. Grids were counterstained with uranyl acetate in 30% ethanol (2

min) followed by lead citrate (0.5 min). Normal rabbit serum served as control.

Electron mierographs were taken on a Philips 400 electron microscope (Philips

Electronics. Toronto. ON).

2.2.4 CONFOCAL MICROSCOPY

2.2.4.1 Immunofluorescent Lebelling and Image Proc...ing

For immunofluorescent staining, culture cells transfected with the wild

type and mutated construets on coverslips were fixed with 3.80/0 paraformaldehyde

in 0.1 M phosphate buffer (pH 7.2) at room temperature and washed with PBS.

Cells were permeabilized with 0.5% Triton X-100 in PBS for 30 min at room

temperature, then blocked with 10% goat serum in PBS for 1 hour. After washing
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with PBS, the cells were ineubated with monoclonal antibody against mye (1:100)

and polyelonal antibody against mannosidase Il (1 :500) at 4°C ovemight.

Following three washes in 0.05% Tween...20 in PBS, the ceUs were ineubated with

a 1:100 dilution of FITC conjugated goat anti-mouse and TRITC conjugated goat

anti-rabbit secondary antibodies. After three washes in 0.050/0 Tween-20 in PBS,

the cells were rinsed with ddH20. SubsequentlYt the coverslips were mounted on

slides using Mowiol (CaIBiochem). For colocalization of lysosomes with mye

antibody, an acidic sensitive dye (fluorescence emission at 577 nm), called

LysoTraeker, was used to stain ail aeidic compartments including endosomes and

lysosomes on live COS-7 ceUs. To perform this. 50 nM of Lysotracker was added

to culture medium for 30 min at 37°C, followed by incubation of the cells grown on

coverslips in normal medium without LysoTracker for 15 min. Cells were then

immunostained with myc antibody as mentioned above. Cells were observed

using a Zeiss Axiovert microscope with a 63x objective and the appropriate filter

set. Fluorescent images of stainecl cells were then resized using Adobe

Photoshop.
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CHAPTER THREE

Resulta



Figure 3-1: Electrophoresis of the murine prosaposin cDNA fragments by PCR.

(A): Lane 1 shows a 1 kb DNA ladder, lane 2 shows a 2.2 kb long DNA fragment

amplified by PCR using a mouse testicutar cDNA library as a template. (B) Lane

1 shows a 1 kb DNA ladder, lane 2 shows a 1.7 kb long DNA fragment amplified

by PCR using a rat testicular cDNA tibrary as a template. 10 ut of the PCR

readion was electrophoresed on 1% agarose gel, and stained with ethidium

bromide.
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According to the proposed objectives, the results are grouped in three

sections. The first part focuses on the structural and functional analysis of the

prosaposin gene and its translation products. It alsa deals with the cloning of the

mouse and rat prosaposin cDNAs, the analysis of their deduced amino acid

backbone structure and their sequence companson with other species. Special

emphasis is given to differential expression of transcribed prosaposin mRNA in

different tissues due to alternative splicing. The second part of this chapter

focuses on the study of the mechanism of transport of prosaposin to the

lysosomes. The last section deals with effect of the inactivation of the prosaposin

gene on the development of male reproductive organs by using a prosaposin

homozygous mice model.

3.1 Structural Analpis of the Mouse Prosaposin (SGP.1) Gene and lta

Translation Product

3.1.1 Cloning of Murine Prosaposin cDNAs

Two sets of synthetic oligonucleotide primers were prepared to generate

mouse and rat cDNAs trom testicular sources by applying peRo An amplified 2.2

kb and a 1.7 kb cDNA fragment representing the cDNAs of mouse and rat

prosaposin were subcloned into the pGEM-T vector and confirmed by sequencing.

The 2.2 kb (Figure 3-1A) mouse cDNA fragment contained the 5' and 3'

untranslated region, while the 1.7 kb (Figure 3-18) rat cDNA fragment only

contained the open reading frame encoding the rat prosaposin. The nucleotide

sequences, the restriction maps generated by Dnasis program, and the predicted
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amine acid sequences are presented in Figures 3-2, 3-3, 3-4A and 3-4B. The

obtained mouse amine acid sequence demonstrates that it contains 557 amino

acids, while the rat sequence contains 554 amine acid residues, with 3 amino

acids (aoo. glutamine-aspartate-glutamine) less in the region encoding saposin

B, under1ying the presence of different isoforms of prosaposin in testis and

possibly in other tissues as weil by alternative splicing.

3.1.2 PCR-based Method to Clone the Mouse Prosaposin Gene

A mouse genomic DNA library was sreened using a PCR-based method in

conjunction with a 32P_labeled mouse cDNA probe. Two positive clones (Figure 3

5) of approximately 19 kb were identified and isolated (Figure 3-6). Both clones

were digested with restriction enzyme Sac 1(Figure 3-7). To determine if the Sac 1

digested fragment contained prosaposin sequences, they were examined by

Southern blot analysis with the same cDNA probe (Figure 3-8). The precise

location of individual exons and introns and their boundaries were determined by

sequencing the DNA fragments digested with Sac 1restriction enzyme, which were

previously subcloned into the pGEM-3Z(+) vedor. Figure 3-9 shows the deduced

genomic organization of the mouse prosaposin gene (NCBI Genbank accession

number; U57999).

Sequence analysis revealed that the mouse prosaposin gene consists of 15

exons ranging from nine base pairs to 298 base pairs and 14 introns, which

ranged trom 89 base pairs to over 8 kb in length (Table VI). The largest intron (>

8 kb) was located upstream of exon 2 and was therefore regarded as intron 1.
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Figure 3-2: Nucleotide and amino acid sequence of the mouse prosaposin cDNA.

The open reading frame is indicated by ".- above the amino acid residues of

initiation (ATG) and termination code (TAG) of translation. Nucleotide numbering

is placed on the left margins.
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Mous. prosaposin

• •1 GAG cer GCG GAG TGA AGC Gee Gee ATG TAC Gce ere Gce ere
0 p A E S A À M Y A L A L

43 TIe GCC AGe en' CTG Gce Ace GCT CTG Aec AGe CCT GTC eAA
F À S L L A T A L T S P v Q

85 GAe CCG MG ACA TGC TCT GGG GGe TCA GCA GTG CTG TGC AGA
D P K T C S G G S À V L C R

127 GAT GTG AAG ACG GCG GTG GAC TGT GGG Gec GTG ÀÀG CAC TGC
D V K T A V D C G A V K H C

169 GAG CAG ATG GTC TGG AGC MG CCC AGA GCG AAA Tee CIT cer
0 0 M V W S K P T A K S L P

211 TGC GAC ATA TGC ÀÀÀ ACT GIT GTC Ace GAA GCT GGG AAC TI'G
C D l C K T v v T E A G N L

253 CTG AM GAT AAT Ger ACG eAG GAG GAG ATC CIT CAT TAC CTG
L K D N A T 0 E E l L H Y L

295 GAG AAG ACC TGT GAG TGG AIT eAT GAC Tee AGC CTG TCG GCC
E K T C E W l H D S S L S A

337 TCG TGC AAG GAG GTG GIT GAC Ter TAC CTG cer GTe ATC CTG
S e K E v v D S y L P v l L

379 GAC ATG ATI MG GGe GAG ATG AGC Me CeT GGG GAA GTG TGC
D M l K G E M S N P G E v C

421 Ter GCG cre AAC cre TGC CAG Tec C1T CAG GAG TAC TTG GCC
S A L N L C 0 S L Q E Y L A

463 GAG CAA AAC CAG AAA CAG CIT GAG Tce AAC MG ATe eeG GAG
E Q N Q K Q L E S N K l P E

505 GTG GAC ATG Gce CGT GTG GTT Gce CCC TIC ATG TCC AAC ATe
v D M A R v V A P F M S N l

547 cer erc erG erG TAC cer eAG GAT CAC CCC CGC AGC CAG cec
p L L L Y P Q D H P R S Q P

589 CAA CCT AAG Ger AAe GAG GAC GTC TGC CAG GAC TGT ATG MG
Q p K A N E D V C Q D C M K

631 CTG GTG TCT GAT GTC CAG ACT GCT GTG MG ACC MC TCC AGC
L V S D v Q T A V K T N S S

673 TTI' ATC GAG GGe TIC GTG GAC CAC GTG AAG GAG GAT TGT GAC
F l Q G F v D H v K E D C D

• 715 CGC TIG GGG CCA GGC GTG TeT GAC ATA TGC AAG MC TAC GTG
R L G P G V S D l C K N Y V



757 GAC GAG TAT TCC GAG GTC TGT GTC CAG ATG TTG ATG CAC ATG
D Q y S E V C V Q M L M H M

799 GAG GAT CAG CM CCC MG GAA ATC TGT GTG CTG GCT GGC T'TC

• Q D Q Q p K E l C V L A G F

841 TGT AAT GAG GTC AAG AGA GTG CCA ATG AAG ACT CTG GTC cer
c N E V K R V P M K T L V P

883 GCC ACC GAG ACC ATT AAG MC ATC CTC cer GCC CTG GAG ATG
A T E T l K N l L P A L E M

925 ATG GAC CCC TAT GAG CAG AAT CTG GTC CAG Gce CAC AAT GTG
M D P Y E Q N L V Q A H N V

967 ATT T'TA TGC CAG ACC TGT CAG TTT GTG ATG AAT MG rIT TeT
l L C Q T C Q F V M N K F S

1009 GAG CTG AIT GTC AAT MT GCC ACT GAG GAG erc CTA GIT ÀÀÀ
E L l V N N A T E E L L V K

1051 GGT TIG AGC MC GCA TGC GCA CTG erc CCC GAT cer GCC AGA
G L S N A C A L L P D P À R

1093 Ace MG TGC CAG GAG GTG GTG GGA AeA TTT GGC CCC Tce CTG
T K C Q E V V G T F G P S L

1135 TTG GAe ATC TTT ATC CAT GAG GTA MC CCC AGe Ter CTG TGC
L D l F l H E V N P S S L C

1177 GGT GTG ATC GGC crc TGT GCT GCC CGC CCG GAG TIG GTG GAG
G V l G L C A A R P E L V E

1219 GCA CIT GAG CAG CCT GCG CCA GCC Arr GTA TCT GCA erG crc
A L E Q p A P A l V S A L L

1261 AAA GAG CCC AGA CCG CCA MG GAG CCC GCA CAG CCC MG CAG
K E P T P P K Q p A Q p K Q

1303 TCG GCA TIG CCC GCC CAT GTG cer CeT CAG MG MT GGT GGG
S A L P A H V P P Q K N G G

1345 TIC TGT GAG GTG TGC AAG MA cer GTC CTC TAT TIG GAA CAT
F C E V C K K P V L Y L E H

1387 AAC CTG GAG AÀÀ MC AGC ACC MG GAG GM ATC erG Gce GCA
N L E K N S T K E E l L A A

1429 CTT GAG MG GGC TGC AGC TTC erG CCA GAC cer TAC CAG AAG
L E K G C S F L P D P Y Q K

1471 CAG TGC GAT GAC TTT GTG GCT GAG TAT GAG CCC TIG CTA TIG
Q C D D F V A E Y E P L L L

1513 GAG ATC crc GTG GAA GTG ATG GAT cer GGA TTT GTG TGC TCG

• E l L V E V M D P G F V C S



1555 MA AIT GGA GTI TGC ccr Ter GCC TAT MG CTG CTG CTG GGA
K l G V C P S A y K L L L G

1597 ACC GAG AAG TGT GTC TGG GGC CCT AGC TAC TGG TGT CAG MC

• T E K C V W G P S y W C Q N

1639 ATG GAG ACT GCC GCC CGA TGC ÀÀT GCT GTC GAT CAT TGC ÀÀÀ

M E T À A R C N A V D H C K

•1681 CGC CAT GTG TGG AAC TAG TIl CCC AGC TGC AGA AGT CAC CTA
R H V W N F P S C R S H L

1723 CTT GTG GGT CfA GGG TM TGA ACA CAT AGA TeT ATT TGA CTT
L V G L G T H R S l L

1765 MT MG TAG GM CCC CCT TIG CCC TIC CCC CAT crc crc TCC
N K E P P L P F P H L L S

1807 CTT ACT GTA GCA TTr CTG TCA TGT AAG AGG TTC TGA CAG CAC
L T V A F L S C K R F Q H

1849 CTT CCG TGT CCC CIT TCT GCT CGA AGG ATG AGG ATA CCT TGG
L P C P L S A R R M R l P W

1891 GCA TCh GCT CCC CGG CTG CCC TI'T TCA CCC Ace TGC TGG AGG
A S A P R L P F S P T C W R

1933 GGG GTG GTG AGC CAG AGG GCA GGA GCA T
G V V s Q R A G A

•



Figure 3-3: Nucleotide and amino acid sequence of the rat prosaposin cDNA.

The open reading frame is indicated by ".n aboya the amino acid residues of

initiation (ATG) and termination code (TAG) of translation. Nucleotide numbering

is placed on the left margins.
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Rat prouposin

• •
1 GGA GCC TGC GGA GTG AAG CGC Gce ATG TAT Ger crc Ger crc

A A C G V K R A M Y À L A L

43 CTC GCC AGC crr CI'G GTC ACC GCT CTG ACC AGC cer GTC CAG
L A S L L V T A L T S P v Q

85 GAC CCG MG À TC TGC TCI' GGG GGC TCA GCA GTA GTG TGC AGA
D P K l C S G G S À V V C R

127 GAT GTG MG ACG GCG GTG GAC TGT AGG Ger GTG MG CAC TGC
D V K T A V D C R A V K H e

169 CAG CAG ATG GTC TGG AGC MG CCC ACA GCA AM Tce CTT CCT
Q Q M V W S K P T A K S L P

211 TGT GAC ATA TGC ÀÀÀ ACG GTT GTC ACC GAA GCT GGG AAC TTG
C D l C K T V V T E A G N L

253 erG AAA GAT AAT GCT Aer GAG GAG GAG ATC crc CAT TAC erG
L K D N A T E E E l L H Y L

295 GAG AAG ACC TGT GCG TGG AIT CAT GAC Tce AGC CTG TCA GCC
E K T C A W l H D S S L S A

337 Ter TGC MG GAG GTG GTI GAC TCT TAC CTG CTT GTC ATC CTG
S C K E V v D S y L L V l L

379 GAC ATG AIT MG GGG GAG ATG AGC MC CCC GGG GM GTG TGC
D M l K G E M S N P G E V C

421 TC! GCG crc MC erc TGC CAG TCC CrI" CAG GAG TAC ITG GCC
S A L N L C Q s L Q E Y L A

463 GAG CM MC CAG AGA CAG CTG GAG Tec MC AAG ATC CCG GAG
E Q N Q R Q L E S N K l P E

505 GTG GAC CTG GCC CGC GTG GTT Gec CCC TTC ATG Tce MC ATC
V D L A R V V A P F M S N l

547 CCT crc CTG erG TAC cer CAG GAT CGG CCI' CGC AGC CAG CCG
P L L L Y P Q D R P R S Q P

589 CAG CCC MG Gcr AAC GAG GAC GTC TGC CAG GAC TGT ATG MG
Q p K A N E D V C Q D C M K

631 ITG GTG ACT GAC ATC CAG ACT GCT GTG AGG ACC MC TCC AGC
L V T D l Q T A V R T N S S

673 TIT GTC CAG GGC rrG GTG GAC CAC GTC MG GAG GAT TGT GAC
F V Q G L V D H V K E D C D

• 715 CGC ere GGG CCA GGC GTG TCT GAC ATA TGC MG MC TAT GTr
R L G P G V S D l C K N Y V



757 GAC GAG TAT Ter GAG GTC GCC GTC GAG ATG ATG ATG CAC ATG
D Q y S E V A V Q M M M H M

799 CAA CCC AAG GAA ATC TGT GTG ATG GTT GGC TIC TGT GAT GAG

• Q p K E l C V M V G F C D E

841 GTC MG GTG CCA ATG ACT GTC GCC ACT GAGAGA AGG CTG CCC
V K R V P M R T L V P A T E

883 GCC ÀTC MG AAT ATC CTC cer GCC CTG GAG CTG ACG GAC CCC
A l K N l L P À L E L T D P

925 TAT GAG CAG GAT GTG ATC CAG GCC CM MT GTG ATT TIC TGC
y E Q D V l Q À Q N V l F C

967 CM GTT TGT CAG crr GTG ATG CGC MG TTG TCT GÀÀ CTG AIT
Q V C Q L V M R K L S E L l

1009 ATC MC AAT GCC AC! GAG GAA CI! CTÀ AIT MA GGT TIG AGT
l N N A T E E L L l K G L S

1051 ÀÀÀ Gce TGe TCC CTG ere cer GCT cer GCT TCA ACC AAG TGC
K À C S L L P A P A S T K C

1093 GAG GM GTG CfG GTÀ ACA TTT GGC CCC TCC erG TTG GAC GTC
Q E v L V T F G P S L L D V

1135 crc ÀTG CAT GAG GTG ÀÀC CCG MC TTT CTG TGC GGT GTG ATC
L M H E V N P N F L C G V l

1177 AGC crc TGT Ter GCC MC CCG AAT TTG GTG GGG ACC CIT GAA
S L C S A N P N L V G T L E

1219 CAA cer GCA GCA GCC ATT GTA Ter GCA CTG CCC ÀÀÀ GAG CeT
Q p A A À l V S A L P K E P

1261 GCA CCG CCA AÀÀ CAG CeT GAA GAG CCC AAG CAG TCT GCA TTG
A P P K Q p E E P K Q s A L

1303 CGC GCC CAT GTG cer CCT CAG MG AAC GGG GGG TIC TGT GAG
R A H V P P Q K N G G F C E

1345 GTG TGC AAG AAG CTG GTC ATC TAT TTG GAA CAT MC erG GAG
v C K K L V l Y L E H N L E

1387 AAA MC AGC ACC MG GAG GAG GTC CTG GCT GCA CTT GAG AAG
K N S T K E E V L À À L E K

1429 GGC TGC AGC TTC CTG CCC GAC cer TAC CAG AAG CAG TGT GAT
G C S F L P D P Y Q K Q C D

1471 GAA T'fT GTG GCT GAG TAT GAG CCC TTA CTG crG GAA ATC CIT
E F V A E Y E P L L L E l L

1513 GTG GAG GTG ATG GAT CCT TCC TTr GTG TGC TCG ÀÀÀ AIT GGA

• v E v M D P S F v C S K l G



1555 GTC TGC cer Ter Gce TAT MG erG CTG CTG GGA ACC GAG MG
V C P S A y K L L L G T E K

1597 TGT GTC CGGGGC CCA GGC TAC TGG TGT CAG AAC ATG GAG AeT

• C V R G P G Y W C Q N M E T

1639 GCT GCC CGA TGC MT GCT GTC GAT CAT TGC MA CGC CAT GTG
A A R C N A V D H C K R H V

•1681 TGG MC TAG CTT Tce AGC ITG CAG MG TCG cer ACT TGT GGG
W N L S S L Q K S P T C G

1723 TeT AGG GTA ATG MG
S R V M K

•



Figure 3-4: Restridion enzymes maps of mouse and rat prosaposin cDNAs. A)

Sites of restridion enzymes distributed in the open reading frame (marked by U."

indicating the initiation and termination sites) of mouse prosaposin cDNA are

indicated by vertical dotted bars. B) Sites of restriction enzymes distributed in the

open reading frame of the rat prosaposin cONA sequence (marked by '.'

indicating the initiation and termination sites) are indicated by vertical dotted lines.

Analysis was done by computer with Clone program.

•

•



PsMl.871
f .B..I.890 ,BarnHI.1534

.H....,l !! .AlwNI.941 ! .~1.1615

i :E"'.41 l! i 10ra1ll·959 1 IBsp12Ol.1615
! :.e.tXI,48 .BspHl.316 !! ! : .Ecl136.10l7 1 .5pe'.1695
! ::,8111,57 ! ,Hincll.353 .Aatll,608 !! ! ! iSacI.10l7 ! !,NspBIl. 1705
! :LBw8I.63 :! .Ec057,446 !BNHI.608 !! li l ,SphI,1084 j BPvuIl,1705
l m: ,Bpu1102.106! 1 !.5ca1.453! .Pmltl.695 : i ! ! ! iFspl.1067 ! li .8gI11.1751 ,EcoNl.1923
III 1 1 1 J'II Il Il 1 1 ~ 1 1

1. r i i i 1 i i il' i i i , '. ' ,

500 1000 t500
1 1 1 1 • 1 • i , i 1 1 • i , 1 l , 1 i

Mouse prosaposin (1961 bps)

• e



•

,BepHl.J15
! ,5mlI.406
: : 1408
i ,&:.1.•52
i :.E....458
l il ,NlpBII.478
l Il iPwll,478 ,Nsd.1138
l II i ,Bsu36.562 :Ppu1Of,1138

,BelEII.57 : ~ ! l ,Tthl.691 ,BdI.1 172 ,EcoNl.1509
l8v8I.62 i *1 1 1 ,NspI.794 ~AJwNI.1176 :'8ImHI.1524
:: ,BglII.92 i 1 il 1 i ! i .P.t1AI,861 : ,E_1,1279 !! .~,1605
:: !,Bpul102.1D7 i : ~,: ! i j,BgII.874,FspUJ86 : !s.pt.1279 !! j8tp12Of,1e05
1 Il _L 1 Il 1 1 1 Il 1 1 1 _ 1 Il 11• -,-- ,--, , 1 l ,-----. ------------r - -T - ,- -, , 1 T- .-- '.

500 1000 1500
1 « « « « 1 « 1 « « 1 « « « « 1 « «

Rat prosaposin (1737 bps)

•



Figure 3·5: Representative of a positive done obtained after three-round

screening (first, secondary and tertiary) from a mouse genomic library (106 pfu/ul).

Two sets of replica were made and hybridized with a prosaposin cDNA probe

labeled with 32p-dCTP (106cpmlml). Phage DNA was isolated by the clear Iysate

method (Sambrook et al., 1989).
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Figure 3-6: Agarose gel electrophoresis of two positive clones digested with Xho 1

restriction enzyme and stained with ethidium bromide (Iane 1 and lane 2). Note

that the excised genomic fragments are approximately 19 kb. Arrowheads

indicate the arms of the phagemid. Lane 3 is a DNA ladder.
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Figure 3·7: Agarose gel electrophoresis of two positive clones (Iane 2 and 3)

digested with Sacl restriction enzyme and stained with ethidium bromide. Six

restriction fragments of 8.3 kb. 4.0 kb, 2.5 kb, 2.2 kb, 1.1 kb and 0.4 kb long were

generated tram one clone in lane 3 and 8.3 kb. 3.7 kb, 2.5 kb. 2.2 kb. 1.1 kb and

0.4 kb long fragments were generated from another done in lane 2. Lane 1 is a

Hind III digested DNA ladder, lengths are pointed byarrowheads.

Figure 3-8: Southem blot analysis of two positive clones digested with Sacl

restriction enzyme and hybridized with a 32p-dCTP labeled mouse prosaposin

cDNA probe. Note that four restridion fragments of 8.3 kb, 2.2 kb. 1.1 kb and 0.4

kb. hybridized to the radiolabeled probe.
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• Table VI: Con.ensus sequence of Splicing Donor and Acceptor Sites in

Mouse Prosaposin Gene

Intron
Exon
sizea

3' splice site S' splice site

Exon

•

1 ATGTAC................................. 64c

aOOOe

2 ttcctttagGCTCTG ACAGCGgtgagt 135 734
3 tcctgtta~.4ATCC ACGCAGgtaagg 75 771
4 cgettgcagGAGGAG GAGATGgtaggt 126 1061
5 cctttccagAGCAAC CCTAAGgttagc 198
236
6 dcttgtagGCTAAC GACATAgtaagc 144
837
7 tddgcagTGCAAG CACATGgtaggt 57 1533
ab gttcaacag CAGGATCAG gtatgt 9
1555
9 tttettcagCAACCC TATGAGgtacet 132 234
10 ccttcacagCAGAAT AATGAGgtatgc 96 217
11 dgtttcagGAGCTC TTGCCCgtaagt 279 89
12 ttttgtagGCCCAT AAGCAGgtatgg 159 232
13 tettggcagTGCGA1= TGCTCGgtaagc 81 155
14 gtcatacagAAAATT TGCAATgtgagt 108 815
15 tcetcatagGCTGTC 298c

• Dashed lines show unknown sequences. Continous lines indicate known exon
sequences.

• a sizes are expressed as base pairs
• b Note that exon 8 is formed by only nine base pairs
• c Indicates incomplete number of base pairs



•

•

•

However, the tull-Iength sequence of this intron is still incomplete due to the fact

that it is too long to characterize.

Our sequence analysis aise allowed us to identify the coding regions of

each saposin. Saposin A is encoded by the exons 3, 4, and 5; sapasin B is

encoded by exons 6, 7, 8 and 9; sapesin C is encoded byexons 10, and 11 and

sapasin 0 is encoded byexons 12, 13, and 14 (Figure 3-9). Sequence analysis

showed that each saposin molecule does not start or end exactly at the beginning

or end of the exons due to the partial proteolytic processing of these proteins.

The translation start codon is located within the tirst exon and the translation stop

codon is located within exon 15. Finally, the exon/intron boundaries were in

accordance with the AG/GT consensus sequences. Table VI shows the

consensus sequences of splicing donor and acceptor sites in the mouse

prosaposin gene. Moreover, the conservation and size of each exon, the size of

each intron between the mouse and human was compared (Table VII). The results

demonstrated that the sizes of the mouse and human exons are quite similar

except the exon 11 of the human which lacks 93 nucleotides. The average

conservation of the exons between the mouse and human is 79% by nucleotide

and 69 % by amine acids. The sequence and size of introns between the mouse

and human are quite different, though the introns in the mouse are smaller than in

the human.

3.1.3 Expression of Mouse Prosaposin Gene by Alternative Splicing

Exon 8 is the smallest exen of the prosaposin gene and consists of nine

72



Figure 3·9: Schematic diagram of the organization of mouse prosaposin gene

(upper panel) and of the translated prosaposin protein (Iower panel). The red

boxes are exons and the blue bars in between are introns. Exonic sequences are

numbered (1-15). The color boxes marked by A. B, C and 0 represent the

translated product, composing of saposins A, B, C and 0 domains. SP

represents the signal peptide. Big arrow head indicates the alternative splice site

(AS) of saposin B. Other two arrows indicate the proline-rich sequence (31 amino

acids) locatecl between saposin C and 0 (PP). Dashecl lines identify the coding

ragions for each saposin. Note that saposin A is encocted by the exons 3,4, and

5; saposin B by exons 6,7,8 and 9; saposin C byexons 10, and 11 and saposin

o byexons 12, 13, and 14.
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• Table VII: Number and Size of Exons and Introns in Mou.. (M) and

Human (H) Prosaposin Genes

Exon Intron
size (bp) 0/0 homology size (bp)

M H Exon Amino acid M H

1 64 40 82.8 69 1 8000 1787
2 135 134 74.1 64 2 734 2441
3 75 75 84 80 3 771 594
4 126 126 77.8 78.6 4 1061 2046
5 198 201 82.8 80.3 5 236 717
6 144 144 81.9 66 6 837 2126
7 57 57 80.7 68.4 7 1533
8a 9 8 1555 3812
9 132 132 80.3 59.1 9 234 1539
10 96 96 61.5 31 10 217 338
11 279 187 54.3 32 11 89 91
12 159 158 85.9 84.9 12 232 354
13 81 81 87.7 85.2 13 155 305
14 108 108 83.3 81.8 14 815 1136
15 198 1200 88.7 91.7 15

• Exon and intron 8 have not been reported in the human prosaposin gene
(Rorman et aL, 1992: NeSI GeneBank accession number 86181)

•



•

•

•

base pairs. To evaluate the abundance of prosaposin gene transcripts with or

without the nine base pairs by alternative splicing, a RT-PCR was applied to

amplify specifie regions of the prosaposin gene encoding saposin B domain

flanking the area of the 9 amino acids. Total RNAs were isolated from brain, heart,

muscle, lung, spleen, kidney, pancreas and testis. The sense and antisense

primers were designed to match the flanking regions of exon 8. The amplified

PCR products were re50lved in a 12 % polyaerylamide gel after stained with

ethidium bromide (Figure 3-10). Comparison of the mobility's of the bands to a

DNA ladder revealed that a larger fragment was 115 bp and a smaller fragment

was 106 bp by 9-nucleotide difference. The results also showed that three of the

eight tissues (muscle, heart and brain) contained mostly the larger 115 bp

fragment due to the presence of exon 8 and that the five remaining tissues (testis,

lung, pancreas, spleen and kidney) contained mostly the 106 bp fragment devoid

of exon 8. It was al50 observed that the corresponding fragments of the muscle

not only consisted of the larger 115 bp band, but aise seemed to have a faint

lower band representing the smaller fragment of 106 bp. On the other hand, in

testis, the 106 bp band appeared to be more dominant than the 115 bp band.

ln order to confirm unequivocally the presence of exon 8 in brain, heart and

skeletal muscle, and the absence of exon 8 in kidney, spleen, pancreas and lung,

the PCR fragments were electrophoreses on a 1°J'o agarose gel. The bands were

then cut from the gel, purified and subcloned into the pGEM-T vedor and

sequenced. Two representative tissues (brain and kidney) were selected as

examples showing theïr different sequences (Figure 3-11). The sequence
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Figure 3-10: RT·PCR produds with specific primers flanking the exon 8 were

electrophoresed in a 12 % polyacrylamide gel. Note that brain (B), heart (H) and

skeletal muscle (M) generated a 115 bp band and that kidney (K), spleen (8),

pancreas (P), Jung (L) and testis (T) generated a 106 bp band.
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Figure 3-11: Sequence analysis of RT-PCR products form brain and kidney as

representatives. The results showed that the brain fragment (B) contains a nine

base pair insertion of (CAG GAT CAG) corresponding to exon 8 (on the right) ,

whereas the kidney fragment (K) did not (arrow, on the left).
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analysis showed that both fragments matched with the corresponding sequences

of the mouse prosaposin gene, and the sequences of the brain fragment

contained a nine base pairs insertion (CAG GAT CAG) corresponding to the exon

8, whereas the kidney fragment did not (Figure 3-11).

The abundance of prosaposin transcripts with or without the 9 bp by

alternative splicing in the testis was confirmed in a separate expenment by using

the same sense and antisence primers in RT-PCR (Figure 3-12). The smaller

band (106 bp) without the exon 8 was more prominent than the larger band (115

bp). The identities of these PCR fragments have been determined by sequencing.

3.2 Sequence Analysis of the Common Backbone Structure of Prosaposin

among Different Species.

3.2.1 Amino Acid Sequence Alignment of the Mouse, Rat and Humam

Prosaposin cDNAs

The deduced amino acid sequences of mouse and rat prosaposin were

used for a database search employing the Blast network [209] against the

nonredundant NCBI database. Several mouse, rat (SGP-1) and human

prosaposin homologues were found. For companson purpose, the mouse and rat

prosaposin cDNAs from this study and the human prosaposin sequence trom

Dewji et al [210] were selected and aligned (Figure 3-13). The predicted mouse

prosaposin amine acid sequence of 557 residues has a 940/0 similarity (88%

identity) to the rat homologue (al50 known as SGP-1) which is 554 amino acids in

length and has a 75 % similarity (64%) to human prosaposin (524 amino acids)
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Figure 3·12: Polyacrylamide (120/0) gel electrophoresis of RT-PCR produds

performed on total RNA extraded from mouse testis and stained who ethidium

bromide. Note the presence of a 115-bp and a 106-bp band representing

transcripts bearing or not the exon 8. The 106-bp band is obviously more

abundant.
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Figure 3·13: Amino acid sequence alignment of rat. mouse and human

Prosaposins. Identical residues are highlighted in black, whereas conservative

replacements are shaded. White boxes depict amino acid heterogeneities.

Single dots between the conserved N (Asn) 149 and Q (Gin) 150 identify a

histidine (H) residue insertion in the segment connecting human saposin A and B

that is absent trom rodent prosaposins. Asterisks between the conserved M (Met)

258 and Q (Gin) 262 indicate the absence of a QOQ insertion (Gln,Asp, Gin) in

the rat. Dots indicate the deletion of a proline-rjch segment in human prosaposin

that is present in rodent prosaposins.
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sequences when conservative amino acid replacements are taken into account

(Figure 3-13). The alignments of the mouse and rat sequences yielded a perfect

match. However, the rat sequence corresponded to the mouse splicing variant

lacking the three amine acids aoa (Gin, Asp, Gin), that are encoded by exon 8

(NCSI 138152). Alignment of the human prosaposin sequence was also direct

(Figure 3-13) and identified a histidine residue insertion between the conserved

Asn 149-01n 150 (mouse numbering) in the segment connecting saposins A and

B, and a deletion of a proline-rich segment of 31 amine acids in the segment

connecting saposin C and D, of the human sequence. The most conserved

region (Figure 3-13) was noticed at the 3' end of the three sequences (residues

428-557 of the mouse numbering) which contained the domain encoding saposin

o and the C-terminus of prosaposin.

3.2.2 Pairwise Comparison of Sequence IdentitiesiSimilarities among

Mouse, Rat and Human Prosaposin

We have chosen to analyze the similarity among the three sequences of

the mouse, rat (SGP-1) and human prosaposin on a segmental basis, based on

the predicted saposin domains. A subdomain structure of four saposin sequences

that are separated by segments of about 40 amino acids was present among the

full-Iength rat SGP-1 and the mouse and human prosaposin sequences.

Furthermore, the comparison in pairwise fashion (mouse vs. rat; mouse vs.

human; rat vs. human) was conducted to acœntuate similarities and differences

between rodent (mouse or rat) versus the human sequence rather than an overall
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comparison. The computed percent identity and percent similarity scores for

these segments are presented in Figure 3..14. Generally, sequence identity has

not been retained uniformly throughout the SGP-1/prosaposin molecule.

Identitying ragions that share a conserved function reveals that there has been a

tendency to retain the strudure-function relationship in other segments by

conservative amine acid replacements. The overall similarity between the three

sequences is 74°,'0 (62 % identity). This indicates that the similarities observed for

the mouse, rat and human are not arranged at random and that they follow the

same modes.

The segment-pairwise comparison of the SGP-1/prosaposin sequences

revealed that saposin 0 and the adjacent C-terminal (residue 518-557) segment

were the mast conserved (83-95% identity) among the three species (Figure 3

14). Four other regions were highly identical only between the mouse and rat

sequences (e.g. the N-terminal segment saposin A, saposin B, and the

intervening segment between saposin A and saposin B, residues 144-193),

although saposin A and saposin B trom the three species were much more closely

related when conservative replacements were taken into consideration (88-950/0

conserved). The relatively low degree of conservation in the N-terminal segment

(residues 1-59) between rodent and human prosaposins reflects species-related

targeting/processing differences in the secretory pathway rather than differences

in the function of SGP-1/prosaposin. A 31-amino aad loss of a proline-rich

segment connecting saposin C and saposin 0 in humant but presence in radents,

has not been related to the differences in their roles. However, it may reflect
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Figure 3-14: Pair-wise comparison of prosaposin sequence identitieslsimilarities

between rat (r) and mouse (m), rat (r) and human (h), mouse (m) and human (h)

on the predieted saposin/nonsaposin domains. Sequence identities and

similarities. when taken into aceaunt of the conservative replacements, are

expressed as percentages and are shown as the tirst and second column 1

respeetively, above the pair being compared. Numbers identify the nonsaposin

damains.
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either a 105S of function of SGP-1/prosapesin and lor the strict requirement to

regain functional sapesin proœssing with a much shortened hinge segment. Of

ail the saposins, the saposin C appears to be the least conserved between

rodents and humans (Figure 3-14). Interestingly, when comparing mouse or rat

saposin sequences to human's, rat sapesin B shows significantly greater identity

with human saposin B (81% vs. 71%) than that with the mouse. In generaL with

the exception of saposin A, ail rat sapesins are more similar to the human

saposins (Figure 3-14).

3.3 Alignment and Secondary Structure Predictions of Saposins in Mouse,

Rat and Human

Sequence comparison of the four-saposin domains of rat SGP-1 and

mouse and human prosaposin revealed that these molecules share common

structural features. Saposins A, B, C and 0 have essentially identical placement

of six cysteines, a conserved N-linked glycosylation site, and a conserved proline

residue (Figure 3-15, in shaded area). Secondary structure predictions for the

saposin domains within the SGP-1/prosaposin structure prediet that there are

three Cl helices in saposin A, Band 0 with an extended small helices at eaeh end

and four Cl helices in sapesin C with an extended a helix in the end too. The a

helices, together with the disulfide bonding patterns, most likely produce a stable

helical bundle. The alignment also revealed that 15 amino acid positions are

conserved (Figure 3-15) and occupied by bulky hydrophobie amino acids (Val, Ile,

leu, Met, Phe, or Tyr). This alignment of bulky hydrophobie amino acids
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Figure 3-15: Secondary structure predictions for aligned saposins in mouse. rat

and humant AJignments and secondary structure predidions have been grouped

as saposins (sap) A, B, C and D. Amino acid alignment of mouse. rat. and human

saposins (uppercase) and adjoining N...terminal prosaposin amino acid sequences

(Iower case). Spaces within the saposin sequences represent gaps that have

been introduced for the alignment of the six conserved cysteines, the conserved

N-linked glycosylation site, and the conserved praline residue found in ail

saposins (arrows). Conserved hydrophobie positions occupied by the bulky

amino aeids V (Val), 1(Ile), L (Leu). M (Met), F (Phe) and Y (Tyr) are identified by

arrowheads. Secondary structure predidions (PHD sec) are shown for aligned

saposins groups and for that saposin within the context of aligned prosaposin: H,

helix; E. extended. The analysis predicts a motif of three a helices in a bundle

stabilized by disulfide bonds. Splice sites are identified above the aligned

sequences by an asterisk (-) over the first amine acid of the exon. Note that only

two pairs of splice sites. 3-4-10-11 and 9-10-11-12, are conserved exactly with

respect to the alignment. Amino acid positions within mouse saposins and within

mouse prosaposin are indicated below the alignment and below the secondary

structure predictions. Decade positions are numbered. Dots (.) represents

consecutive positions, and commas (,) identify every fifth residue.

•

•



••pA
.plic.
IIOU••

rat
hwnan

.apA PMD ••c
SO'-1 PHD .ec
.apl
.pliee
.-ou••
rat
hUllAft

.apl PIID.ec:
9OP-1 PIID aec

r::: s-s ' s-s · 1
2*3 J J w ..• ~ ]*~~t •• ' ~.: .*~!]. ~
ak SLPCDI~'l'OD SLSASCDVVDSYLPVI ItGlIIIN Jo SALNLCQILQI
ak SLPCDICIt1'VV'I'UONLLJC:œA.. _ILllYLBKTCAllfIHDSSLSASClœVVDSYLPVILDUIGIDISR PGBYCSAUG.CQ8LQI

vk ~~~~~~~~~~~~~~~~.~~~~~~:~~~~~~~~
1 HIIHIIHHIIIIHHI lUI HIIIIHHHHHHIIII _

r HHIIIIHIIHIIHHI HIIIIIOIIIIIHHI HIDIHIIIIHIIHII IIIIIIIIHIIIIII'o... ,.... 7 ..•.•....1.. .., .... , .... , •... 10...•..•. 11 ••. , .•.• 12 . . . • •• • .13 ... , ••••• 1.3

5-' w. w • • ,•., •• .W 7·' ., • ••
kaned VCQDCIIKLV8DVQTAYK'ftfSS"IQGPWIIVUDCDRLGPG VSDICDlYVDQYIBVCVQllLJllIllQElQQPDIC'VLACJII'CDV
Jcaned· VCQI)CIIKLYfDIQTAVJmfSSPVQGLVt1IIVUDCDIU,QN VSDICDlYVDQYSBVAvglaIDi •••OPDICVIIVQlI'CImV
kelngd VCQDCIQllV'fDIQ'l'AVIt,..ftPVQALVBIIVDIlCDIW)PQ MADICKNYI8QYSBIAIQIIIIIIlIIQDQQnaICALWPC:D&V

•••• # •••• 1 •..• , .••• 2 •••• , •••• ] •••• , •••• -1 •••• , •••• 5 •.•. , •..• 6 .••. , ••.. ., •.•• , •••• 11
, HHHIIIIIIIIHHHH IIIIHIIIIHHIIHI IIIIIIHIIIUIIII IB"B'I" 1
HIIHIIIIIIIIHII iiiiiIIiiIHIdIH HIIIIIIHIIIIIaa M MM" IIIIIIH
1'&.20••• , •••• 21 ••• , •••• 22 .•• , •••• 23 ••• , ...• 2•.•. , •.•• 25 ••• , •••• 2& .•• , •••• 27 •• 27'

.apC

.pl1e. 9-10 w. 10*11. • •• .W!mU.. eqnlvqah NVILCQ'l'CQPVIeIKPSm.~'l'ULLVkOLSIIACGYL'D' AlmtCQ:IVWl7'OPSLLDIPIBVIf
~.t eqnviqaq IIVIPCQVCQLVllRKLSD.II"''l' aaLLlKOLSKACSLLPAP A81'ICQ8YLVTPOPSI.LDVI.-aMI

human kJchevpak~~~~~~~1~~~~~~~~~~~~
.ape PHD ••c l''B • IIHHHHIIIIIIHII H IIHIIIIIIIIHIII • IIIIHJIDB HIIHIIHHHH
10'-1 PHD .ec: DIDIHHIIIIHHHHH H HIIIIHHHHHHIIII IIHIIIIIIIIHIII HHIIHIIIIHHIIII

313 .... 32 ••. , •... 33 •.• ,. • .• 3•••• , •••• 3S. •. , ...• 3' ••. , ..•• 37 ..• 1 ••••

'S:cavT~M
nPLCGVIILCM
nLVC-.aLCSA
., .7 •••• , ••• 80

• __n 1--38 ••• , .••• ]'2

.apD PHI) ••e
50'-1 PHI) .ec
.gpsCO)

••pD
.plie.
mou••
rat
human

e

11*12 w. W • 12*13 y. .W
pahvppqkng GPCBVCULVLYLBHNLDNST UBILAALaOCSPLPDP YQKQCDDI"iUYBPLLLBILVIMID
pahvppqkng OPC8VCDLVlYLBHNLDNST ICDlu.\',aocsPLPDP YQKQCDBPVABYBPLLLBILVIMID
tvhvtqpkdg OPC8VCDLVGYLDRNLDNST IOBIU.a,',aOCSPLPDP YQltQCDQPVUYBPVLIBILVIMID

•••• , •••• 1 •••• , .•.. 2 ..•. , .... 3 .... , ..•.••••• , •••• 5 •••. , .... 6 .... ,

1..=' =" K HHHIIHHIIHHIIHI
••0 •• , ..•.•5 ... ; ....•, ... , •.•••7 ••. ,.... .8 •.. , ....•, ... , .... 50 ••.

.13-1.
IGI'VCSltIGVCPS
PSPVC8KIOVC.8

~~~~!T~:
_nlDIIOII

, .•.. 51 ••• 517

e



•

•

•

occupying equivalent positions suggests that their side chains are buried in the

folded structure and that their interactions contributed to the stability of saposins.

3.4 Hydropathy Profiles of Mous•• Rat and Human Prosaposin

The hydropathy profiles of rat SGP-1 and mouse and human

prosaposin were determined to compare the sapesin and nonsapesin domains

(Figure 3-16). The profiles were generated by computer, based on the algorithm

described by Kyte and Doolittle [207]. The shaded areas span the regions

corresponding to the four saposins (Figure 3-16). In general, the hydropathy

profiles are characteristically conserved among the same saposins, with the least

similarity within the human saposin C. On average, the N-terminal region of the

individual saposin is more hydrophilic than the C-terminal region. However, they

were both highly hydrophobie. This analysis also reveals the dramatic effect of

inclusion (arrow heads) or exclusion of the three amino aeids (aOa) contributed

by exon 8 to the local hydropathy profile of the saposin B domain (Figure 3-16).

The aoa insertion accentuates the local hydrophilieity of mouse and human

saposin B. A similar dramatic different. characterized by an increase in relative

hydrophobicity were alsa apparent in the N-terminal ragion of human sapesin A

and in the C-terminal region of human saposin C relative to the corresponding

ragions in mouse and rat saposin A and C. Lack of the 31 amino acid residues of

proline rich segment in human prosaposin accounts for the removal of a local

structure, of precJicted altemating hydrophobie and hydrophilic nature (Figure 3-16,

lower panel), without any significant change in the adjoining hydropathy profile

18



Figure 3-16: Hydropathy profiles of rat prosaposin (upper panel), mouse

prosaposin (middle panel) and human prosaposin (Iower panel). obtained

according to Kyte and Doolittle (1982) employing a moving window of seven

amino acids. Shaded areas depid the predided nonsaposin regions. The aOQ

insertion is identified by arrowheads. Arrow indicates a similar increase in

hydrophilicity in the human saposin C sequence relative ta the rodent saposin C.

At Bt C and 0 identify saposin domains.
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comparing to the rodent's. The hydropathy profile for saposin 0 is almost identical

in the three species and consistent with the high degree sequenœ identity.

3.5 Identification of a Novel Sequence Involved in Lysosomal Sorting of the

Sphingolipid Activator Protein, Prosaposin

Most of the Iysosomal soluble hydrolases are delivered to lysosomes via

the mannose 6-phosphate (M6P) receptor pathway [43]. Lysosomal membrane

proteins, however. do not have a mannose 6-phosphate tag and are transported

to the lysosomes based on their cytosolic tyrosine or or dileucine residues [102,

104,211] [112, 212].

Prosaposin reaches lysosomes by a mannose 6-phosphate

independent mechanism [11, 12,44, 56]. Cultured human ftbroblasts from human

patients with I-œll disease, which fail to phosphorylate mannose residues on

newly synthesized Iysosomal proteins have near normal levels of prosaposin and

sapasins in the lysosomes [12]. The 70 kOa secretory prosaposin is a post

translationally modifted form of the 65 kDa Iysosomal prosapasin [4. 213]. This

observation suggests that the Golgi apparatus must decode a sorting signal tram

the 65 kOa prosaposin to target it ta the lysosomes before it is fully glycosylated in

the distal compartment of this organelle.

To identify the sequence responsible for the Iysosomal routing of

prosaposin, deletion of different domains within this protein were done.
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3.5.1 Analysis of Prosaposin Domain•

Alignment of amino aeid residues for saposins as weil as the N- and

C-termini of prosaposin showed a similarity of 70-90 a/a among different species

[30. 134. 214, 215]. Each saposin contains 80 amine acids, 6 conserved cysteine

residues which form three internai disulfide bonds, a N-glycosylation site, a

conserved proline residue and 14-15 hydrophobie amino acid residues at the

same position [215]. Alignment between the N- (residues 1-60) and C-termini

(residues 521-557) of prosaposin showed a 40% identity and 66% similarity. A

Genebank database search revealed a 700/0 similarity between a 29 amino aeid

stretch of the N-terminus of the human surfactant protein B (SP-B) and the C

terminus of prosaposin. This N-terminus of surfactant protein B is involved in the

transport of this protein to the lamellar bodies of pneumocyte tyPe Il (216). A

unique characteristie of the Iysosomal nature of lamellar bodies is the content of

hydrolases and a Iysosomal membrane glycoprotein [217, 218].

3.5.2 Deletion of Prosaposin Functional Domain.

Based on the analysis of prosaposin, saposin functional domains A, B,

C. D. the N- and C-termini of prosaposin were deleted. The truncated constructs

were designated ~, &8. L1C, ~D. L1N-term and L1C-term. to indicate the deleted

region of the protein. Wild type prosaposin was designated Pro-WT (Figure 3-17).

The construds were subcloned into a mammalian expression vector pcDNA3. 1B

which harbors a mye epitope tag before the stop codon. Pro-WT and ail truncated

mutants were transiently transfected into COS-7 cells. The intracellular
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Figure 3-17: Sehematic representation of wild type and truncated prosaposin

construets subcloned into the pcDNA3. 1B expression vedor. Pro-WT is the wild

type prosaposin containing the full· length cONA of prosaposin encoding the N

terminus (N-term), the saposin A. B, C and 0 domains, and the C-terminus (C

term). The truncated construets were designated ~N·term (deletion of residues

17-59), M (deletion of residues 57-147), ~B (deletion of residues 189-278), âC

(delation of residues 309-396), &0 (deletion of residues 404-522), and âC-term

(deletion of residues 520-556) to indicate the specifie regions deleted from

prosaposin (shown by dotted lines).
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distribution of the constructs was assessed by immunofluorescent staining with

primary anti-mye monoclonal antibody. and secondary FITC conjugated goat anti

mouse antibody.

The two forms of wild type prosaposin, Le. the 65 kOa Iysosomal form

and the 70 kDa seeretory form were found by western blot analysis with antibody

against mye in Pro-WT (Figure 3-18). Ali mutants also produced the two forms of

prosaposin with lower molecular weights due to the truncation of their

corresponding domains. Confocal immunofluorescence of COS-7 cells transfected

with wild type prosaposin Pro-WT and ~. L.\B, L.\C, L10 and L.\N-term mutants with

mye antibody yielded both a perinuelear and a granular reaction. CeUs transfected

with the .1C-term mutant did not yield any granular staining but the reaction

persisted in the perinuelear region (Figure 3-19).

To confirm whether the granular structures observed in Pro-WT and M,

~B, ~C, .10 and L1N-term were lysosomes, the Iysosomal marker LysoTraeker was

used as a probe. This marker is sensitive to low pH and stains ail aeidic vesicles

ineluding the trans-Golgi region. The LysoTraeker (red fluoresence) showed

overlap with the punctate structures stained with mye antibody (green

fluorescence) in Pro-WT, M, L1B, L1C, L10 and L1N-term (Figure 3-20). In L1C-term

mutant although the LysoTraeker detected numerous lysosomes, mye antibody

staining was negative in these granules (Figure 3-20).

Since the mye antibody yielded a perinuclear reaetion reminiscent of the

Golgi apparatus in ail the construets including the L1C-term mutant, an anti

mannosidase Il antibody was used as a Golgi marker. Confocal immunostaining
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Figure 3-18: Expression of wild type and truncated prosaposins after transfection

into COS-7 cells. Approximately 50 ug of whole œil Iysates were subjected to a

100/0 SOS-PAGE, transferred onto a nylon membrane and immunoblotted with

anti-mye monoclonal antibody. Two bands representing the 65 kOa and 70 kOa

wild type prosaposins (WT) are shawn by arrows. Mutants (~N-term, ~, ~B. ~C,

~D and ~C-term) aise produced two slightly lower bands depending on the size of

the truncated sequences. Non transfected COS-7 cells (COS-7) and COS-7 ceUs

transfected with the vector alone M were used as negative controls.
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Figure 3-19: Immunofluorescent staining of COS-7 ceUs after transfection with

expression vectors containing wild type (PrcrWT) and truncatecl prosaposin (L\N

term, M, âB, âC, .10, and âC-term). Primary anti-myc monoclonal antibody was

visualized with a FITC conjugated goat anti-mouse antibody. PrcrWT (WT) and

the mutant construds âN-term, AA, ~B, âC and âO yielded a Goigi-like

perinuclear and granular readions. CeUs transfected with âC-term show a Golgi

like perinuclear staining, but the granular readion is seemingly absent.
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Figure 3-20: Colocalization of wild type and truncated prosaposin in COS-7

cells. Colocalization of wild type and truncated prosaposins after immunostaining

with anti-myc antibody and LysoTracker LysoTracker (red fluorescence)

overtapped with punctate structures stained with anti-myc monoclonal antibody

(green fluorescence). A partial overtap was detected on a Goigi-like perinuclear

region in wild type, Pro-WT (WT), and ~N-term (panel A), M, ~B, âC and âD

mutants (panel B). No ovel1ap of punctate structures stained by LysoTracker was

found in ~C-term mutant (panel A) due to the absence of granular staining with

anti-myc antibody.
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revealed an overtap between the two antibodies in ail construds including in the

~C-term mutant (Figure 3-21).

To further confirm the immunofluoresœnce results, a double immunogold

labeling was conduded on COS-7 ceUs transfected with the Pro-WT, ~, i1B, ~C,

AD, AC-term and ~N-term construds and analyzed by electron microscopy. To

accomplish this objective, goat anti-mouse IgG conjugated to 10 nm gold was

used to detect the monoclonal myc antibody, and goal anti-rabbit IgG conjugated

to 15 nm gold was used to deted the rabbit pro-cathepsin B antibody. The results

showed a strong labeling with 10 nm gold particles and a weak labeling with the

15 nm gold particles of electron dense membrane bound structures in COS-7 cells

transfected with the Pro-WT, ~, ~B, .1C, AD and AN-term (Figure 3-22). These

structures were considered to be lysosomes. However, in œlls transfeded with

the .1C-term construd. no labeling was found with anti-mye antibody in the

lysosomes.

3.5.3 Metabolic Labelling Study

To study the biosynthetic processing of the wild type and truncated

prosaposin in vivo, to examine whether they were property folded within the

endoplasmic retieulum (ER) and therefore transported to their destinations, pulse

ehase expeliments were condueted using Trans35S-label. COS-7 ceUs

transfected with pcDNA3.1 B vector alone or containing the Pro-WT and the

truncated construds were ineubated with Trans35S-label for 30 min and chased for

30 min and 2h. Cell Iysates and samples trom the medium were
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Figure 3-21: Colocalization of âC-term mutant and mannosidase Il. Anti

mannosidase Il polyclonal antibody was used as a Golgi marker and visualized

with a TRITC conjugated goat anti-rabbit antibody. ~C-term mutant was stained

with anti-myc monoclonal antibody and visualized with a FITC conjugated goat

anti-mouse antibody. An overlap between the mye (green fluorescence) and

mannosidase Il (red fluorescence) antibodies was observed in a Golgi-like

perinuclear region of COS-7 cells transfected with the ~C-term construct. This

result demonstrated that prosaposin mutations did not affect the transit of the

truncated protein from the ER to the Golgi apparatus.
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Figure 3-22. Immunogold labeling of COS-7 ceUs transfected with Pro-WT (WT),

âN-term, t!A, âB, ~C, ~D and âC-term constructs. Goat anti-mouse IgG

conjugated to 10 nm gold particles was used to detect monoclonal mye antibody.

Goat anti-rabbit IgG conjugated to 15 nm gold partieles (eneireled) was employed

to detect polyelonal pro-cathepsin B antibody used as a Iysosomal marker. A

strong immunogold labeling with 10nm goId partieles and weak immunogold

labeling with 15 nm gold partieles were observed within the lysosomes of COS-7

ceUs transfected with the Pro-WT, âN-term, ~, âB. âC and âD construets. No

labeling with anti-mye antibody was found in the lysosomes of COS-7 cells

transfected with âC-term mutant. Negative control (con) was immunogold labeled

in absence of the primary antibodies.
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immunoprecipitatect with anti-myc antibody and then subjected to SOS

polyacrylamide gel electrophoresis and fluorography. As shawn in Figure 3-23A,

the 65 kOa form was visualized after 30 min in Pro-WT and in each of the

truncated mutants including the ÂC-term. After chasing for 2 hours, the amount of

65 kOa protein decreased in œil Iysates while the 70 kOa secretory protein

increased in the spent media. In the mutants, the equivalent of the 65 kOa and 70

kOa proteins were slightly smaller due to their truncation. In the case of the ÂC

term mutant, the increase of the secretory form in the medium was more

prominent as confirmed by densitometry (Figure 3-238). These data suggest that

œlls transfected with the Pro-WT and the truncated mutants including ~C-term,

produced properly folded proteins within the ER, and that the transport to the

Golgi apparatus and secretion in the media was not altered.

Although the dC-term mutation abolished the transport of prosaposin to

the lysosomes, it did not interfere with its secretion. Sinœ the dC-term mutant

protein did not reach the lysosomes, it was predicted that COS-7 calls transfected

with this construct would not yield mature saposins as oppose to ceUs transfected

with the PrcrWT construet. Ta confirm if this was the case, cells transfected with

ÂC-term and Pro-WT were subjeded to a longer pulse labeling experiment with

Trans35S-label (Figure 3-24) to deted the proteolytically cleaved saposins. After 5

hours of labeling, œil Iysates were immunoprecipitated with anti-prosaposin

antibody, which recognizes bath prosaposin and mature Iysosomal saposins. The

immunoprecipitates were resolved in a 150/0 tricine-SOS-PAGE and fluorographed.

Wild type 65-70 kOa and ÂC-term slightly smaller prosaposins were detected in
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Figure 3-23. Effect of truncation on the synthesis. targeting and processing of

prosaposin. Pulse chase analysis of COS-7 cells transfected with pcDNA3.1 B

alone M. or with the same vector containing Pro-WT (WT) and truncated

constructs L1N-term, t1A, L1B, ~C. L\D and L\C-term. Cells were pulsed with

Trans35S-label (300uci/ml) for half-hour and chased for 30 min and 2 h. Cell

Iysates and culture medium were immunoprecipitated with anti-myc antibody and

subjected to 10% SOS-PAGE and fluorographed. (A) Both the 70 kOa and 65

kOa prosaposins were present intracellularly. (B) ln the medium, only the 70 kOa

secretory form was present.
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Figure 3-24: Detection of mature saposins in COS-7 cells transfected with Pro

wr and ~C ...term after labeling with Trans35S-label. COS-7 ceUs transfected with

Pro-WT rNT) and ~C-term were labeled with Trans35S-label (300uci/ml) for 5

hours prior to immunoprecipitation with anti-prosaposin antibody.

Immunoprecipitates were subjected to a 150/0 Tricine-SDS-PAGE followed by

fluorography. A 15 kOa band corresponding to saposins was observed in ceUs

transfected with the Pro-WT but absent in cells transfected with the ~C-term. The

major band (65 kOa) in wr and a slightly smaller band in the ~C-term mutant

represent the Iysosomal precursor of saposins. COS-7 ceUs transfected with

pcDNA3.1 B vector alone were used as negative control.
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œil Iysates (Figure 3-24). As expected, mature saposins were not observed in

cells transfected with the ~C-term construet but were present in the cells

transfected with the Pro-WT construet.

3.5.4 Addition of Prosaposin Functional Domains to a Secretory Pratein

To determine whether the C-terrninus alone was sufficient for

intracellular targeting, a chimeric protein encoding the full length cDNA of albumin

plus the C-terrninus of prosaposin (Alb/Pro-c-terrn) was constructed and

subcloned into the pcDNA3.1 B vector and transfected into COS-7 cetls. Wild type

albumin cDNA was also prepared as a control (Alb) (Figure 3-25). Albumin is a

secretory protein, which reaches the extracellular space by constitutive secretion.

After transfeetion, caUs were immunostained with anti-myc antibody, followed by a

secondary FITC conjugated goat anti-mouse antibody. Sorne cells were

simultaneously stained with LysoTracker. Mye antibody (green fluorescence)

produced a perinuclear Golgi-like reaction (Figure 3-26). However, the punctate

structures stained by LysoTracker (red fluorescence) did not react with anti-mye

antibody. This suggested that the C-terminus alone was insufficient to drive

albumin to lysosomes. Based on this result and on the mutational analysis of

prosaposin, it was hypothesized that one or more saposin domains should also be

present along with the C-terrninus to direct albumin ta the lysosomes.

To test this hypothesis, a chimeric protein was engineered by fusing an

albumin cDNA with nucleotide sequences encoding demain 0 and the C-terminus

of prosaposin (Alb/Pro-D, c-term). In addition, an albumin fusion protein
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Figure 3-25: Chimeric constructs of albumin with partial prosaposin fundional

domains. AJb-WT (1-551) is the wild type albumin subcloned into peDNA 3.1 B

vector. AJb/Pro-c-term represents the chimera of albumin attached by the C..

terminus (522-556) of prosaposin at its 3' end: AJb/(Pro-D+Pro-c-term) represents

the chimera of albumin fused with domain D (434-552) plus the C-terminus of

prosaposin: and Alb/(Pro C. D +Pro-c-term) represents the chimera of albumin

fused wïth domain C (309-396), 0 and the C-terminus of prosaposin. Numbers

indicate the amino acids of albumin in black or prosaposin in the same colors as

the attached parts.
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Figure 3-26: Expression and targeting of chimeric construds

(A) Targeting of chimeric proteins to the lysosomes. A typical Goigi-like readion

(green fluorescence) was observed in COS-7 cells transfected wïth Alb/Pro-c-term

as weil as with the wild type albumin (Alb-WT). A Goigi-like readion plus a

prominent Iysosome-like staining was achieved with the Alb/(Pro-O+Pro-c-term)

and Alb/(Pro-C,O+Pro-c...term) constructs (green fluorescence). LysoTracker

staining (red fluorescence) was seen in COS-7 cells transfected with the different

constructs. The punctate reaction obtained with anti-mye (green fluorescence) in

Alb/(Pro-O+Pro-c-term) and Alb/(Pro-C,O+Pro-c-term) overlapped with

LysoTraeker staining (rad fluorescence). This experiment demonstrated that

prosaposin domain plus the C-terminus are required for the transport of albumin

to the lysosomes.

(B). Western blot analysis of wild type and albumin chimeric proteins. COS-7

cells transfected with wild type albumin (Alb-WT) and ehimeric constructs Alb/Pro

c-terrn, Alb/(Pro-O+Pro-c-term), and Alb/(Pro-C,D+Pro-c-term) were Iysed and

subjected to a 10% SOS-PAGE, transferred onto a nylon membrane, and

immunostained with anti-mye monoclonal antibody. Molecular weight of wild type

albumin (Alb-WT) is indicated by an arrow (66 kDa). Other bands with higher

molecular weights correspond to the chimeric proteins.
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containing domains C and 0 plus the C-terminus of prosaposin (AlbiPro-C, D, e

term) was also constructed (Figure 3-25). Anti-mye antibody yielded a punctate

reaetion in both ehimeras (Figure 3-26) which overlapped with LysoTracker

staining. Western blotting with mye antibody confirmed the expression of wild type

and ehimerie albumin proteins (Figure 3-26).

3.6 Endo H Treatment of Pros.posin

The difference between the 65 kOa and 70 kDa prosaposins is due to

their glycosylation state [168]. To determine the structures of their N-linked

carbohydrates, and to identify the potential sorting compartment for the Iysosomal

preeursor within the Golgi apparatus, endoglycosidase H digestion was performed

on immunoprecipitated proteins. Anti-myc antibody was used to immunoprecipitate

recombinant prosaposins from Iysates of COS-7 œlls transfected with wild type

Pro-WT and mutated construets. Results (Figure 3-27) revealed that in ail cases,

the 65 kOa band shifted to a 53 kOa band whieh corresponds to the molecular

weight of the native form of prosaposin [168]. The less prominent protein band

corresponding to the 70 kOa protein was resistant to Endo H treatment. Similarly,

the 70 kOa secretory protein immunoprecïpitated from the medium was Endo H

resistant (Figure 3-27). This result suggested that the 65 kOa Iysosomal form of

prosaposin exits from the cislmedial compartment of the Golgi while the 70 kOa

protein traversed the Golgi apparatus completing its terminal glycosylation.
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Figure 3-27. Treatment with endoglycosidase H (Endo H) of COS-7 cells

transfected with wild type Pro-WT (WT) and .1N-term, M, âB, ~C, L10 and ~C

term prosaposin construds.

After transfection with Pro-WT and truncated construds, COS-7 ceUs were

labeled with Trans35S-label (300uci/ml) for 30 min and ehased for 2 h. Cell

Iysates and culture medium were immunoprecipitated with anti-mye antibody and

incubated with Endo H (1U) at 37°C for 16 h. Immunoprecipitated proteins were

resolved in a 10% SOS-PAGE followed by fluorography.

(A) ln œil Iysates the 65 kOa protein band shifted to a 53 kOa band and the less

prominent 70 kOa band remained unchanged (Endo H +). Similar band pattems

were also observed with the truncated prosaposins (~N-term, ~, ~B, ~C, âO and

.:1C-term) with slightly smaller molecular weights due to the truncations.

(B) ln culture medium the 70 kOa (WT) band. representing the secretory form of

prosaposin, was nat modified after incubation with Endo H. Similar results were

obtained with truncated prosaposins (~N-term, ~, ~B, .:1C, 60 and L1C-term).

COS-7 cells transfected with the vector alone (Vector) was used as a negative

control.
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3.7 Treatment with Brefeldin A (BFA)

To verify whether the Golgi apparatus was the site where the 65 kOa

Iysosomal precursor was sorted, brefeldin A (BFA) was used prior to Trans35S

labeled pulse chase experiments. BFA is a fungal metabolite that causes rapid

redistribution of the components of the Golgi apparatus to the endoplasmic

reticulum (ER) [219, 220]. COS-7 ceUs transfected with the wild type prosaposin

(Pro-WT) were incubated with BFA 1 hour prior to Trans35S-labeling. In the

presence of BFA, the amount of intracellular protein in cell Iysates remained

unchanged after chasing for 4h, while in ceUs not treated with BFA, the amount of

protein decreased after chasing for 2h (Figure 3-28). In the medium of ceUs

incubated with BFA, there was a very low amount of the 70 kOa protein after

chasing for 30 min, 2h and 4h. This indicated that the 70 kDa secretory protein

present before the supplementation of BFA was beyond the proximal compartment

of the Golgi apparatus. In contrast. in cells incubated without BFA, the amount of

protein in the medium increased after 30 min and 2h (Figure 3-28). Taken

together, these data suggest that the 65 kOa Iysosomal precursor contains mainly

high mannose sugar residues and that it is present in the proximal aspect of the

Golgi apparatus. On the other hand, the 70 kDa secretory form is glycosylated

with complexlhybrid sugar residues and appear to exit trom the distal region of the

Golgi apparatus.
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Figure 3-28: Pulse chase of COS-7 ceUs transfected with the wild type

prosaposin (Pro-WT) treatecl with Brefeldin A (BFA). CeUs were incubated with

BFA (20uglml) (+BFA) 1 hour prior to the addition of Trans35S-label (300uci/ml).

Replicas of COS-7 ceUs were grown in absence of BFA and used as controls.

After labeling for 30 min, ceUs were chased for an additional 30 min, 2 h and 4h.

Immunoprecipitates of ceU Iysates and culture medium were resolved in a 10%

SOS-PAGE and fluorographed. BFA caused intracellular retention of the 65 kDa

protein. In control ceUs, the 65 kDa protein decreased intracellularty, while the 70

kDa protein increased in control medium.
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3.8 Effect of the Disruption of the Prosaposin Gene on the Male

Reproductive System

Saposin A-O are weil established sphingolipid activator proteins which

function as essential cofactors for physiological degradation of sphingolipids with

relatively short hydrophilic oligosaccharide chain [31]. Besides, another identified

sphingolipid activator protein, GM2 activator protein, is known to stimulate the

degradation of GM2 ganglioside and asialo G M2 gangliosides (GA2) by ~

hexosaminidase A.

The product of the prosaposin gene appears to have other important

physiological functions in vivo in addition to its role as sphingolipid activators. The

following postulated functions have been assigned to the product of prosaposin

gene based on the experimental evidence: 1) As a neurotrophic factor, prosaposin

appears to be involved in stimulating neurite outgrowth in murine cells and choline

acetyltransferase activity in human neuroblastoma cells [3]; 2) As a ganglioside

binding/transport protein [165], the secretory form of prosaposin may be involved

in glycolipid modification of certain œil membranes, such as in Sertoli and

germinal œlls, which may play a role in processes such as the induction of

spermiation [1, 152]; 3) As one of the major glycoproteins secreted by Sertoli œil

in the male reproductive system, prosaposin may play a role in the regulation of

spermatogenesis [152] and in gonadal development [221].

The reœnt development of a prosaposin -/- mouse model has provided

an opportunity to explore the functions of prosaposin in various tissues (10).

Inactivation of the prosaposin gene causes accumulation of multiple
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glycosphingolipids within the lysosomes of affected caUs. such as,

lactosylceramide, glucosylceramide, digalactosyl ceramide, sulfatide, caramide,

and globotriaosylceramide [10). Ultrastructural analysis of these cens shows an

accumulation of undigested membranes in multivesicular bodies. However, there

is lack of information on the effect of disruption of prosaposin gene in male

reproductive system. Morphological investigations were performed in the present

study to analyze the abnormalities in relationship with the development of the male

reproductive organs including the testis, the prostate gland, the seminal vesicles

and epididymis by anatomical examination, and under the Iight and electron

microscopes. The heterozygous mice from the same littermates were used as

comparison.

3.8.1 Anatomieal Examination of the Affeeted Organs

A morphometric analysis of the organs of the male reproductive system of

37 day old mice reveals that disruption of the prosaposin gene produces a

reduction in size and weight of 300/0 of the testes, 37% of the epididymis, 75% of

the seminal vesicles and 60% of the prostate glands (Figure 3-29). Seminal

vesicles and dorsal lobules of prostate gland are significantly smaller in the

prosaposin homozygous mutant.

3.8.2 Examinations under Light Microscope on the Affected Testes, Prostate

Gland, Seminal vesicles and Epididymis

Light microscopy showed that small sized testes trom homozygous mutant
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Figure 3·29: Male reproductive organs affected by the inactivation of prosaposin

gene (-1-) as compared to heterozygous organs (+/-) trom mice of the same age

(37 days old). a, b, Seminal vesicles (stars) and ventral lobules of prostate gland

(arrows). c, Testes; d, Epididymis. Note that inactivation of the prosaposin gene

caused a significant reduction in size of the male reproductive organs.
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mice. is associated with reduced spermiogenesis, with the late spermtids being

particularty affected (Figure 3-30). Involution of the prostate glands in

homozygous mutant affects equally the dorsal and ventral lobules. Light

microscope showed that the diameter of the tubuloalveolar glands is considerably

reduced and that the prostatic epithelial celfs were shorter in homozygous mutant

than in heterozygous and normal control animal mice of the same age (Figure 3

30). In addition, in the homozygous mice, secretion in the lumen of prostate gland

disappears, and there is a tremendous increase in interstitial connective tissues

among alveolar glands in a disorganized appearance. Smaller tubular diameter

and shorter undifferentiated epithelial calfs were also observed in seminal vesicles

and epididymis (data not shown). Interestingly, in efferent duets of homozygous

mutants, the lining epithelia is formed almost exclusively by ciliated celfs in

contrast to the heterozygous which show a majority of non ciliated cells in this

epithelium (Figure 3-31).

3.8.3 Testosterone Measurements

To determine the relationship between the involution of the the testis in

prosaposin homozygous mice with the level of blood testosterone.

radioimmunoassay of blood samples from prosaposin homozygous (-/-) and

prosaposin heterozygous (+/-) mice (as control) (n=6) was analyzed. results

(Figure 3-32) demonstrated that bfood testosterone levels are normal or higher in

mice with the inaetivated prosaposin gene.
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Figure 3-30: Light microscopy of male reproductive organs affected by the

inadivation of prosaposin gene (-/-) as compared to the same organs of

heterozygous (+/-) littermates of the same age (37 days). a, b, testes from

homozygous (a) and heterozygous (b) mica. A reduced number of late

spermatids, is observecl in the lumen of serniniferous tubules (stars), prior to

spermiation, in homozygous testis as comparecl to heterozygous testis (stage VIII

of the seminiferous epithelium cycle) x400. Section of ventral prostate showing a

smaller diameter of the tubuloalveolar glands in homozygous mutant (c) as

compared to the heterozygous (d) x400. Only one layer of cells lines the

tubuloalveolar glands in homozygous mutant indicating that the epithelium is

composed of basal cells. In heterozygous both basal and secretory cells are

present and the tubuloalveolar glands contain secretory produd. Scale bar, 12.5

um.
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Figure 3·31: Electron micrographs of efferent ducts. A, homozygous mutant (-1-)

x18,000. Scale bar, 270nm. B, heterozygous (+/-) x9,OOO. Scale bar, 540 nm.

Notice in homozygous, that ciliated œlls (arrow) predominate over nonciliated

cells (aterisks). Ciliated cells trom homozygous often contain large irregular

multivesicular bodies (arrowheads). L, lumen.
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Figure 3·32: Histogram illustrated that testosterone level is more elevated in

homozygous mutant (-/-) as compared to heterozygous mice (+/-). The difference

is statistically signifiesnt (p~O.005; n=6).
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3.8.4 Expression of Androgen Receptor

T0 further determine whether the underdevelopment of the prostate gland

and other male reproductive organs is due to downregulation of the expression

level of androgen reœptor, the immunostaining of prostate sections with an anti

androgen reœptor antibody was performed. Results indicated that the epithelial

cells lining the alveoli express androgen reœptor in both the heterozygous and

homozygous tissues (Figure 3-33).

3.8.5 Status of Mitogen Aetivated Phosphorylated Kinase (MAPK) in

Prosaposin Homozygous Miee (-1-)

To examine if inactivation of the prosaposin gene could result in the

inactivation of the MAPK pathway, prostate sections tram homozygous and

hetreozygous mice were immunostained with two monoclonal antibodies, which

recognize the phosphorylated and non phosphorylated forms of ERK1/2. Sections

immunostained with the antibody to the non phosphorylated form of ERK1/2

reaeted with ail epithelial œlls in heterozygous and homozygous prostates (Figure

3-33). Sections immunostained with the antibody to the phosphorylated ERK1/2

strongly reacted with taU prostatic secretory cells in prostate trom heterozygous

mouse (Figure 3-33). On the other hand, the epithelial cells in the homozygous

prostate remained unstained (Figure 3-33).
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Figure 3-33: Immunoperoxidase staining of prostate sections with anti-androgen

reœptor antibody (a,b) and with nonphosphorylated MAPK (c, d) and

phosphorylated MAKP antibodies (e,f). a,b, prostate sections immunostained with

androgen receptor antibody. A strong nuclear staining of the alveolar cells is

observed in the prostate of the heterozygous (a) and homozygous mice (b). c, d,

Prostate sections immunostained with a monoclonal antibody to

nonphosphorylated MAKP. A moderate reaction is observed in the epithelial cells

tining the alveoli of heterozygous (c) and homozygous prostates (d). f, g, prostate

sections immunostained with a monoclonal antibody to phosphorylated MAKPs.

Sorne epithelial cells are strongly stained in the prostate of the heterozygous

mouse (f). The epithelial cells in the homozygous are unstained (g). This result

suggests that the MAKP pathway is inactive in the homozygous.
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CHAPTER FOUR

Discussion
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Prosaposin is a multifunctional protein with specific intracellular and

extracellular functions. Intracellular prosaposin modulates the flux of

glycosphingolipids in the lysosomes by promoting the aetivity of several Iysosomal

hydrolases [31). Extracellularty, prosaposin participates in glycosphingolipids

transfer between heterogeneous membranes [165]. Prosaposin may also aets as

a potent neurotrophic factor that induces neume outgrowth [3, 158] and promotes

peripheral nerve regeneration [222]. Extracellular prosaposin has been found in

the reproductive system of prenatal and postnatal mice [223]. Prosaposin

expression is limited to the genital ridge, the primordium for bath male and female

gonads. In the seminiferous epithelium, the localization of prosaposin mRNA is

restrieted to the Sertoli cells [223] but not in germ cells of adult mice and rat.

Sertoli cells are responsible for creating a unique milieu in which germ œlls

proliferate and differentiate. In the reproductive system the expression of

prosaposin appears to be regulated by a pituitary factor [213]. Nevertheless, the

funetion of prosaposin in the reproductive system is still unknown. Many other

relavant aspects of the biology of prosaposin are still obscure, such as, the

mechanism that determines when prosaposin should be targeted to the

extracellular space or to the lysosomes.

Thus, the main objectives of this research are: 1) To study the structure

and organization of the mouse prosaposin gene, and to compare the protein

backbone structure among different species; 2) To study the mechanism of sorting

and targeting of prosaposin using a mutational analysis; 3) To analyze the role of

prosaposin in male reproductive system, using a prosaposin knock out miœ
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model (prosaposin -/-).

4.1 Structure and Function of the Mou.. Prosaposin Gene and 118

Translation Product

4.1.1 Structural Analysis of the Mou.. Prosaposin Gene

Recently, the human prosaposin gene was doned [175] and localized in

chromosome 1Oq21-22 [176]. 1nterestingly, severa1genes strudurally related to

prosaposin, such as surfadant protein A (SP-A) and 0 (SP-D), alsc map to this

region of chromosome 10 [224], suggesting that prosaposin and surfactant

proteins may derive from a common ancestral gene. The dose similarities of the

four saposins and the analysis of the intronic positions in the human prosaposin

gene also suggests that it evolved trom an ancestral protosaposin gene by two

duplication events and at least one gene rearrangement involving a double

crossover after the insertion of introns [175, 176]. In the mouse, the prosaposin

gene is also located in chromosome 10 [225], but its gene organization has not

been examined yet.

ln this study, we have isolated and characterized the gene encoding mouse

prosaposin and discJosed its structural organization. We aise examined its

differential expression patterns due to alternative splicing in different tissues by

applying RT·peR. The mouse prosaposin gene consists of 15 exons, which is

similar to the human prosaposin gene. The size of exons varies from nine base

pairs to 298 base pairs. The size of introns varies from 89 base pairs to over 8

kilobase pairs. The sequence similarity of the coding regions of the mouse and
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human prosaposin gene is striking, indicating that prosaposin is a highly

conserved protein between this two species. The exons of the mouse and human

genes (Table VII) have almost identical sizes except for exon 11, which lacks 93

base pairs in the human, present in the rat and mouse genes. The 93-nucleotide

encodes a proline-rich region with unknown functions. The sizes of introns were

generally smaller in the mouse compared to the human gene.

ln the human, exon 8, contains nine base pairs (CAG GAT CAG) and

encodes three amine acids (Gln-Asp-Gln) present in saposin B. An alternative

splicing of exon 8 results in its exclusion from saposin B. In addition, another

isoform of prosaposin containing the last two amino acids insertion may be

generated via the use of an altemative acceptor site [198]. Synthetic peptides

containing a putative ex helix of saposin B without the Gln-Asp-Gln insertion

encoded by exon 8 was shown to have different binding activities for GM1

ganglioside. sulfatide and sphingomyelin [226]. The insertion of the Gln-Asp-Gln

sequence completely abolished the capacity of the peptide to bind ta GM1

ganglioside, but its affinity for sulfatide and sphingomyelin was increased four-fold

and two-fold, respectively. These results suggested that alternative splicing of

exon 8 may change the binding specificites of sapasin B presumably to adapt to

the variable sphingolipid composition of tissues [228). Alternative splicing or

prosaposin in different tissues remains unknown, particulany in the mouse, due to

the lack of information on the genomic structure of the prosaposin gene.

Our study revealed that the mouse gene al50 has an exon 8 consisting of

the same nine base pairs CAG GAT CAG encoding the three amino acids within
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saposin B. A close look of the intron-extron boundary of exon 8, revealed that

CAGGATCAG is preceded by the intronic sequence gttcaacag

(gttcaacagCAGGATCAG), which serves as the 3' acceptor spliee site. Moreover,

within the 9 bp exon the AG preceding the 6 bases GATCAG could also serve as

an acceptor site to produce the isoform containing 6 bp, and the last AG in

CAGGATCAG could equally seNe as an acceptor splice site to produce the

isoform lacking exon 8. In consequence, we decided to study the relative

abundance of the different isoforms of altematively spliced mRNA in various

tissues using RT-peRo Our data demonstrated that prosaposin mRNA of brain,

heart and muscle contain mainly the isoform with the Gln-Asp-Gln insertion,

whereas the transcripts trom testis, lung, pancreas, spleen and kidney contain the

smaller isoform without the Gln-Asp-Gln insertion. These results were confirmed

by sequencing. The existence of the 6 bp isoform can not be ruled out

considering the limitation of the gel resolution. It is tempting to speculate that

alternative splicing of saposin B may alter its glycosphingolipid affinity in tissues

basing on the abundance of a particular type of glycosphingolipid (e.g. sulfatide or

GM1 ganglioside). However, a recent study suggested that the three human

saposin B isoforrns expressed in baby-hamster kidney cells are equally stable and

have the same sphingolipid adivator fundion [227]. On the other hand, Madar

Shapiro et al [221] cloned two isoforms of human prosaposin cDNAs, one with the

9 bp and one without the 9 bp, and using a T7/EMC/vaccinia virus-derived vector

expressed them in human cells. The results indicated that prosaposin containing

the three residues accumulated 18ster and in greater amounts in the medium,
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whereas the prosaposin with no extra residues was mainly destined for

lysosomes. The authors proposed that Gln-Asp-Gln may serve as a positive

signal for secretion or as an inhibitory signal for Iysosomal trafficking [221].

However, the association between alternative splicing and differential sorting of

prosaposins requires experimental verification. Recently 1 the chicken prosaposin

gene was identified and the three-amino-acid insertion of Lys-Asp-Gln was aise

found in saposin B domain. This isoform was found to be the most abundant

[214]. Nevertheless. saposin B with three or two amino acid insertions has not

been isolated from any mammalian tissues so far [228, 229]. Thus, further

investigations are needed to clarify the role of exon 8. Although the mouse and

human prosaposin genes have striking sequence similarity of the coding regions

including the presence of exon 8. our results alsa showed some variations. An

interesting difference between the human and mouse prosaposin genes was

found in exon 11. In the mouse this exon consists of 279 nucleotide base pairs,

whereas in the human gene 187 base pairs. The extra 93 nucleotide base pairs

encoding 31 amine acids corresponds to a proline-rich region also found in rat

prosaposin. This sequence was initially implicated in the secretory targeting of

prosaposin [5, 138, 152]. However, racent findings demonstrated that the praline

rich segment does not affect the routing of prosaposin to the lysosomes or ta the

extracellular space [11]. The proline-rich domain is perhaps the most significant

difference between rodent and human prosaposin. Its role is still unknown, but the

availability to these genomic clones may provide a starting point for further studies

on the genetic role of this sequence.

96



•

•

4.1.2 Amino Acid sequences Analysis of the Common Backbone Structures

of Prosaposin among Different Species

Human and murine prosaposin cDNAs have been cloned in several

laboratories [138, 152, 210, 230-232]. Although some interspecies heterogeneity

exists among them, they exhibit high similarities. However, little information is

available on the differences and similarities among mouse, rat and human

prosaposin functional domains. In this study, we isolated the mouse and rat

prosaposin cDNAs from two testicular libraries and compared to the human

prosaposin cDNA sequence [210] chosen trom NeSI Genebank. We decided to

use our own rat and mouse cDNAs due to existing discrepancies reported by

three different laboratories which could be the result of technical errors [215]. The

entire amino acid residues of prosaposins, from the mouse, rat and human were

aligned and compared. A pairwise comparison between the mouse and rat, the

mouse and human and the rat and human was aise conducted. In addition. the

hydropathy profiles and their secondary structure predictions for each saposin

among the three species studied were compared.

Our analysis showec:l fundionally important amine acids, including

cysteine and proline residues, and potential N-linked glycosytation sites are

conserved in redents and human. Six cysteine residues present in ail four

sapasins are essential for building three disulfide bonds, which impart an unusual

degree of stability to this molecule. Mutation of the N-linked glycosylation site in

sapasin B resutting in deficiency of sapesin B suggested a role of the glycose
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ehain in protein folding and stability during biosynthesis [156]. Among the three

species, sapesin 0 displayed the highest degree of sequence identity, followed by

the C-terminus, saposin A, sapesin B, N-terminus and saposin C. Saposin C is

the least conserved domain among the three species, but the similarity between

the mouse and rat is still high (750/0). The reason for the presence of a proline

rich segment (31 amino acids) in the mouse and rat but not in human was initially

implicated in the secretory routing of this protein into the extracellular space [138].

However, human prosaposin is also found in various body fluids, such as human

milk, seminal plasma, cerebrospinal fluids, and pancreatie juice in considerable

concentrations. Therefore, it is tempting to speculate that this proline rich domain

may aet as a flexible hinge region linking the saposin C and 0 domain in roctents

which permit the interaction of roctent's prosaposin with different

glycosphingolipids.

Eaeh saposin has a particularly high degree of interspecies similarity of

hydrophobie amine aeids. There are at least 15 hydrophobie amino acid residues

in eaeh saposin aligned in strictly conserved position among the three species.

Together with this, our secondary structure predictions suggest that each saposin

forms 4 amphipathic a helices and that those hydrophobie amino acids are located

at the side chain of each folded helix structure, presumably facing a lipid interface.

This configuration may explain the interaction of saposins with glycosphingolipid in

vivo and in vitro. Interestingly, it has been noted that saposins have a remarkable

structural similarity with other proteins, called SAPLIP (saposin-like proteins). Ail

members of SAPLIP have six cysteines identical to saposins, a similar molecular
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size and stability under extreme conditions. However, they do not always accur in

tandem repeats as saposins. Individual saposin-like domains were found within

the surfactant protein B (SP-B), Entanmoeba hystolitica pore-forming peptides,

NK-Iysin, acyloxyacyl hydrolase, acid sphingomyelinase and in a plant aspartie

proteinase [177, 233]. A polypeptide motif characterized by the location of six

eysteine residues and several hydrophobie residues found in saposins A-D and in

the saposin-like domains of these proteins, has been linked to the affinity of this

molecule for sphingolipids. No crystal strudure of saposins has been determined

so far, yet a NMR structure of NK-Iysin [234] and a crystal structure of the plant

aspartic proteinase [235] in the saposin-like proteins family, had been studied

recently. Results are consistent with the present study demonstrating the

characteristics of the high conservations of a-helical structure and the position of

the hydrophobie amino acids.

The hydropathy profile is characteristically conserved among the same

saposins. The profile of saposin B is nearly superimposable in ail species except

in the domain encoded byexon 8. The presence of the OOQ insertion increases

dramatically the local hydrophilicity of the mouse and human prosaposin. As

indicated above, alternative splieing of exon 8 may change the binding specificity

of saposin B to adapt the function of this protein to the variable sphingolipid

composition of different tissues. Thus, the change in hydrophilieity, as a result of

the presence or absence of the QOQ insertion, may be important for the specifie

functions of saposin B.

Another significant difference in the hydropathy profile was noticed in
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saposin C domain. An increase in its local hydrophilicity at the amino acid end of

saposin C was also dramatie. This coincides with the location of a 12 amine acid

which has been identified to have neurotrophic activity.

4.2 Stucty of the Mechanisms of Transport of Prosaposin to the Lysosomes

4.2.1 Identification of A Novel sequence Involved in Lysosomal Targeting of

Prosaposin

Lysosomes and as a 70 kDa secretory form that is secreted to the

extraœllular space [4, 153]. Time course experiments demonstrated that the 65

kOa form is derived trcm post-translational modification of a 53 kDa native protein

and that precedes the 70 kOa secretory prosaposin [168]. Prosaposin is highly

conserved trom avian to mammals [214, 215]. Conserved regions of prosaposin

include four saposin domains designated A, B, C, 0 [179] and its N- and C-termini.

Little or no conservation exist among the linker regions found between domains A

B, B-C and C-O [214, 215]. In lysosomes, the 65 kDa protein is cleaved into four

sphingolipid aetivator proteins termed saposins A-O which are essential cofaetors

for the hydrolysis of glycosphingolipids with short oligosaccharide ehains by

specifie hydrolases [31, 236].

The dichotomy of prosaposin's Iysosomal and secretory pathways raises a

number of interesting questions such as how a fraction of the 65 kDa protein

escape terminal glycosylation and what is the mechanism utilized by the Iysosomal

prosaposin to leave the Golgi apparatus.

Prosaposin, unlike most Iysosomal hydrolases, is targeted to lysosomes
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by a mannose 6-independent mechanism [11, 12]. The transport of soluble

hydrolases to lysosomes depends on their mannose 6-phosphate residues that

are recognized by the mannose 6-phosphate receptor in the trans-Golgi region

[28, 43, 149]. The ligand-receptor complex is then carried to lysosomes via a

dathrin-coated veside. The 65 kOa protein has been shawn to be associated with

Golgi membranes [11]. In vitro assays demonstrated that prosaposin and

Iysosomal saposins are capable of binding sphingolipids [165. 187, 237].

Incubation of cells with tunicamycin did not interfere with the transit of the

nonglycosylated 53 kDa form of prosaposin from the ER to the Golgi apparatus

nor with its association to Golgi membranes [11]. Moreover, as a result of

tunicamyein treatment, the nonglycosylated prosaposin was transported to the

lysosomes more effieiently [Igdoura, 1996 #46]. This suggested that the sorting

and targeting of the 65 kOa prosaposin within the Golgi apparatus might be

dependent on a protein-protein or protein-lipid interaction. To test this hypothesis

and to determine whether or not a specifie domain of prosaposin is involved in this

process, a wild type prosaposin cDNA and severa1 truncated construets were

subcloned into a mammalian expression vector and transfected into COS-7 cells.

The recombinant constructs contained a mye epitope tag that allowed their

identification from endogenous prosaposin during the course of our

immunochemical studies. The Iysosomal marker LysoTraker was also used to

identity lysosomes by confocal microscopy. Confocal immunofluorescence

demonstrated that deletion of individual domains encoding saposin A, B, C, 0 or

the N-terminus did not interfere with the targeting of prosaposin to the Iysosomal
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compartment. On the other hand, deletion of the C-terminus abolished the

targeting of prosaposin to lysosomes. To check if these deletions caused

retention of mutated prosaposin in the ER, COS-7 cells were metabolically labeled

with Trans3SS-label (methionine/cystine) and chased. Cell Iysates and culture

medium were immunoprecipitated and fluorographed. The results demonstrated

the presence of the equivalent 65 kDa and 70 kOa proteins of prosaposin in the

ceillysates and of the 70 kDa secretory protein in the medium. In summary, our

results clearly indicated that deletions of the ~. ~8. ~C, ~D. ~N-term and ~C

term did not cause retention of prosaposin in the ER and that the presence of the

C-terminus of prosaposin was essential for the sorting and targeting of prosaposin

to the lysosomes.

To verify if the C-terminus alone was sufficient for driving prosaposin to

the lysosomes, a chimeric fusion protein between albumin and the C-terminus of

prosaposin was expressed in COS-7 cells using the same vector. A vector

containing the cONA of albumin alone was used as a control. As expected for a

secretory protein, wild type albumin was detected in the culture medium.

However, chimeric albumin fused with the C-terminus of prosaposin was not found

within lysosomes. Instead, it was secreted into the culture medium.

We rationalized then that truncated constructs M4.. 48, ~C, AD and ~N

term, which were targeted to lysosomes contained the C-terminus and at least

three sapesins. Since sapesins display, among themselves, similar structure and

play similar roles in vivo and in vitro, we decided to test the hypothesis that at

least one or more saposin domains plus the C-terminus are required for the
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transport of prosaposin to lysosomes. Thus, two new fusion plasmids were made.

The first one was composed of albumin plus domain 0 and the C-terminus of

prosaposin. The second construct was made of albumin plus domains C, 0 and

the C-terminus of prosaposin. As predicted, confoca1 immunostaining

demonstrated that albumin was routed to the Iysosomal compartment when it was

connected to one saposin domain plus the C-terminus of prosaposin.

Each saposin has a high degree of interspecies similarity of hydrophobie

amino acids [214, 215]. The percentage of hydrophobie amino aads is 360/0 in

saposin A, 370/0 in B, 2ao~ in C and 39% in 0 [214]. This high degree of

conservation of hydrophobie residues and thei. alignment occupying equivalent

positions with their side chains buried in the folded structure [215]

underlines the capacity of saposins to interact with lipids. In fact, the interaction

between prosaposin and its derived saposins with sphingolipids has been

extensively documentect. Sapesins C and 0 have alsa been shown to exhibit a

high affinity for phospholipids. Furthermore, the presence of acidic phospholipids

such as phosphatidylserine (PS) in membrane bilayers greatly favour their binding

to saposin D [238]. The interaction with phospholipids is a characteristic of

severai other saposin like proteins (SAPLIPs) [177], such as, surfactant protein B

(SP-B)[239]. Others members of SAPLIPs family include the pore-forming peptide

of Entamoeba hystolytica [240, 241], NK-Iysin [242], acid sphingomyelinase [243]

acyloxylacyl hydrolase [244J and plant aspartic proteinases [233, 245]. SAPLIPs

differ widely in fundion, but the activity of most of them is mediated via lipid
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interactions. Interestingly, the saposin like domain within aspartic proteinase has

been implicated in the vacuolar targeting of this protein by means of its interaction

with membrane phospholipids [245].

Lysosomal prosaposin was initially found ta be targeted to lysosomes in

a mannose 6-phosphate-independent manner [11. 12, 44]. When isolated Golgi

fractions were permeabilized with a mild detergent [11]. Iysosomal prosaposin

remained associated to the membrane while secretory prosaposin (70 kDa) was

released into the incubation medium. This suggests that the interaction of

Iysosomal prosaposin with phospholipid or sphingolipids may play a role in sorting

and targeting this protein ta the lysosomes. Recently. sphingomyelin a membrane

sphingolipid manufadured in the cislmedial region of the Golgi apparatus [246].

was demonstrated to be involved in the transport of prosaposin to lysosomes

[247]. Cultured cells incubated with fumonisin B1. an inhibitor of sphingolipid

synthesis which competes with sphinganine as a substrate of ceramide synthase

[248]. produced a dramatic decrease in the immunogold labeling of Iysosomos

with anti-prosaposin antibody. To examine if the mannose 6-phosphate receptor

mediated pathway was affected by this treatment. cells treated or not with

fumonisin B1 were labeled with anti-cathepsin A antibody. The results showed no

significant differences in the immunogold labeling of the Iysosomal compartment of

the treated and nontreated cells indicating that the effect of fumonisin B1 on the

transport of prosaposin to the lysosomes was specifie. The effect of DL-threo-1

phenyl-2-decanoyl-amino-3-morpholino-1-propanol-HCL (PDMP). a compound

that selectively inhibits the synthesis of glycosphingolipids but not of
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sphingomyelin and/or ceramide, and the effect of tricyclodecan-9-yl xanthate

potassium (0609) which specifically blocks the formation of sphingomyelin [249]

was also examined. The results showed that only 0609 blocked the transport of

prosaposin to the lysosomes, suggesting that sphingomyelin was the main

sphingolipid implicated in the association with prosaposin to the lysosomes [247].

4.2.2 Site of Sorting of the 65 kDa Lysosomal Prosaposin

During the course of this investigation we showed that the 65 kDa

Iysosomal prosaposin is endo H sensitive whereas the 70 k~a secretory forrn is

endo H resistant. Since the processing pathway within the Golgi apparatus is

highly ordered, the treatment with this enzyme was used to distinguish complex

from high mannose oligosaccharide linked to prosaposin [43, 250). Glycoproteins

are modified in successive stages as they move through the Golgi processing

compartment. Thus, a significant fraction of the 65 kDa form must escape trom

the Golgi apparatus before it reaches the distal stacks where it becomes fully

glycosylated and endo H resistant. This notion was confirmed in celfs transfected

with the wild type prosaposin after incubation in BFA. BFA is a fungal

antibaeterial drug which causes rapid redistribution of proteins located in the Golgi

apparatus but not of proteins residing in a post-Golgi compartment. Our results

showed an intracellular retention of the 65 kOa protein, indicating that the

Iysosomal form only reaches the cislmedial ragion of the Golgi apparatus before

sorting. The presence of negligible amounts of the 70 kOa protein in the medium

represented secretory prosaposin that already passed the distal region of the
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Golgi prior to the addition of BFA.

4.2.3 Proposed Mode. for the Targeting of Prouposin

Based on this evidence, a model (Figure 4-4), in which the interadion of

prosaposin with phopholipids and/or sphingolipids may play an important raie in

bringing prosaposin close to the Golgi membrane near a Mreceptor protein", was

proposed. According to this model, the C-terminus of prosaposin may contain the

binding site for this reœptor protein, creating a receptor...ligand-like complex, which

is then packed into cargo vesides and transported to the endosomes, MVBs

and/or lysosomes. Interestingly, the C...terminus of prosaposin is significantly

similar (660/0) to the N-terminus of SP-B which has been implicated in the targeting

of this protein to the lamellar bodies in pneumocyte type Il [216]. Similar to

prosaposin, which requires the C...terminus and at least one saposin domain, SP-B

also requires the presence of the N-terminal region and a yet not identified

sequence within the backbone of this protein that contains a saposin like domain.

Taken together, ail these results indicate that an alternative mechanism of sorting

and transport of prosaposin between the Golgi apparatus and the lysosomes may

exist. In conclusion, we demonstrated that the C-terminus and at least one

saposin domain may be sufficient for the Iysosomal sorting and targeting of this

sphingolipid adivator protein.
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Figure 4-1: A woriting model on Iysosomal targeting of the 65 kOa form of

prosaposin was proposed. One of the saposin domains may recognize

glycosphingolipids in the inner leaflet of the Golgi membrane and the C-terminus

binds to a "docking protein"(in red) involved in the sorting and routing of

prosaposin to the lysosomes via cargo vesicles. Small yellow squares represent

carbohydrate chains.
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4.3 Role of Prosaposin in th. Male Reproductive System

4.3.1 Targeted Disruption of the Mous. Prosaposin Gene Affects the

Oevelopment of the Prostate Gland and Other Male Reproductive System

Besides the well-documented role of prosaposin in the catabolism of

glycosphingolipids (GLS), secreted prosaposin has been reported to present

neurotrophic activity [3, 159]. Prosaposin is abundant in cerebrospinal fluid,

stimulates neurite outgrowth in murine ceUs and choline acetyltransferase (ChAT)

activity in human neuroblastoma ceUs. In addition, prosaposin appears to protect

hippocampal neurons form ischemic damage and to prevent apoptosis of

cerebellar granule neurons in culture submitted to paclitaxol toxicity [13, 14]

Interestingly, a sequence of 12 amino acids in the amino terminal end of

saposin C binds to a putative receptor in Schwann cells and activates the mitagen

aetivator protein kinase (MAPK) pathway by a G protein dependent mechanism.

Furthermore, a 12-mer peptide representing this region of saposin C activates the

MAPK extracellular signal regulated kinase-1 (ERK-1/p44) and -2 (ERK-21p42).

Secreted prosaposin can be removed trom the extraceflular space by the

mannose 6-phosphate receptor, the mannose receptor and the low-density

lipoprotein reeeptor-related protein (LRP). The existence of such receptor

clearing events points to the importance of these mechanisms in the modulation of

prosaposin signaling.

The reœnt development of a prosaposin -1- mouse model has provided an

opportunity to investigate the mode of action of prosaposin in different tissues

[10]. Inactivation of the prosaposin gene causes accumulation of
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lactosylceramide. glucosylceramide. digalactosyl ceramide. sulfatide, ceramide

and globotriaosylceramide in lysosomes of affected cells. UItrastructurai analysis

of these ceUs shows an accumulation of undigested membranes in multivesicular

bodies. These animais die at day 35-40 after birth due to neurological defects.

A morphometric analysis of the organs of the male reproductive system in

37.c1ay-old mica reveals that disruption of the prosaposin gene produces a various

degree of reduction in sizes and weights of the testes, the epididymis, the seminal

vesicles and the prostate gland. Small-sized testes trom homozygous mutant

mice appear to be associated with reduced spermiogenesis. particularty late

spermatids. The underdevelopment of the prostate gland of the prosaposin

homozygous mice (-/-) is demonstrated from the considerably reduced diameter of

the tubuloalveolar glands with no secretions in the lumen, the extremely increased

and disorganized interstitial connective tissues and much shorter prostatic

epithelial cells compared with control mice. Seminal vesic1es, epididymis, and

effarent ducts are also affected in the prosaposin homozygous mice (-/-). The

phenotype is characterized by the underdevelopment of these organs, suggesting

that prosaposin play a role in the growth of the male reproductive organs and aise

in the regulation of spermiogenesis.

ln relation to our results on the involution of the prostate gland, it is

important to emphasize that prostatic cancer is currently the mast commonly

diagnosed neoplasm in men and ranks second to lung cancer as a cause of

cancer death [251]. The prostate gland is formed during late gestation as a

consequence of signaling events between the urogenital sinus epithelium and

108



•

•

urogenital sinus mesenchyme (UGM). In redents, the prostatic bud is formed

during embryonic life, while the full dudal branching occurs postnatally.

Androgens are known to be involved in ail aspects of prostate development [252].

ln fact, androgen-dependent signaling events in the UGM give rise to paracrine

factors that aet on local epithelial cells to induce morphogenesis and duetal

branching [252]. During puberty and in adults, androgen-dependent signaling

events are required for full cytedifferentiation and production of secretory proteins

by the prostatic epithelium [252]. In adults, the prostate is subject to two primary

age-related dieases, prostate cancer and benign prostatic hyperplasia. Prostatic

cancer follows a generalized progression trom an earty, organ-defined disease,

which may be clinically asymptomatic and is readily treatable by prostatectomy or

androgen ablation therapy, to a highly invasive, androgen-independent. metastatic

disease for which there is no current effective therapy or cure [253].

Growth factors are alsa responsible for mediating mesenchymal and

epithelial interactions during prostate development. Although no single growth

factor has been shown to have a direct role in prostate cancer, their expressions

are altered during prostatic carcinogenesis. Experimental evidences indicate that

androgen directly influence the expression of severa1growth factors [188, 254].

Following androgen withdrawal, the production of stimulatory growth factors, such

as, the EGF, IGF and FGF secreted by prostate ceUs decreased whereas there is

an increase in the expression of TGFp-1 and TGFp-2 receptors [255, 256] [257].

The net effect of these growth factors alterations is prostatic involution. Androgen

replacement restores normal EGF, IGF and FGF levels and the prostate recovers
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its original size (258].

Radioimmunoassay of blood samples trom homozygous mutant.

heterozygous and control mice (n=6) reveals that blood testosterone levels are

normal or higher in mice with the inactivated prosaposin gene. Moreover, the

immunostaining of prostate sections with an anti-androgen receptor antibody

indicates that the epithelial ceUs lining the alveoli express androgen receptor in

both the heterozygous and homozygous tissues. Thus, involution of the prostate

gland and other male reproductive organs appears to be independent trom

androgen levels and androgen receptor. In addition, inactivation of the prosaposin

gene seems to interfere with the proliferative activities of prostatic epithelial ceUs

since apoptosis is not readily observed in the epithelium lining the tubuloalveolar

glands.

Due to the dual raies of prosaposin as a Iysosomal activator of hydrolases

and a trophic factor, it is unclear what is the determining cause for the lack of

development of the prostate. Inactivation of the gene not only causes the loss of

prosaposin trophic activity but also affects the Iysosomal degradation of

sphingolipids which may alters the distribution lipophilic second messangers such

as œramide in the plasma membrane. In fact, catabolism of plasma membrane

sphingolipids generates lipophilic intermediates which are involved in the

transmission of extracellular signais to intracellular regulatory system (259]. For

example, hydrolysis of sphingomyelin to ceramide can be induced by certain

ligands and receptors in various œil types. In general, ceramide appears to

mediate œil differentiation and apoptosis [260). The identity of the cellular targets
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of ceramide and other molecules downstream the signal flow is not fully known

[260], but a strong body of evidence indicates that ceramide is al50 involved in the

activation of the mitogen-activated kinase (MAPK) pathway [261] (262).

Mitogen...adivated kinase is a general name for a family of serinelthreonine

kinases that play an important role in œil signaling through a variety of ligands

and receptors including receptor tyrosine kinases [263] and G-protein"'COupled

receptors [264,265]. The extracellular signal·regulated protein kinases ERK1 and

ERK2 make up a part of the extracellular signal-regulated kinase (MAKP) family:

p44 MAPK, ERK1 and p42 MAPK, ERK2. Activation of ERKs have traditionally

been thought to be a result of a linear signaling cascade trom growth fador

receptors, SH2JSH3 adator proteins, guanine nucleotide exchange factors, p21

Ras, Raf-1, and MAPK...activated kinase such as MAP kinase kinase (MEK).

However, there is emerging data indicating that signaling proteins such as

phosphatidylinositol-3-kinase (PI3K) and protein kinase C (PKC) can al50

phophorylate MEK and ERKs independent of the Ras pathway [266, 267]. In

many cellular systems, activation of the MAPK pathway by trophic factors has

been implicated in the regulation of gene transcription [268] associated with

proliferation and differentiation [269].

ln summary, prosaposin may be involved directly, in signal transduction by

transmission of extracellular signais to intracellular regulatory systems or

indirectly, by regulating the levels of lipophilic intermediates of sphingolipid

catabolism. However, in both cases the inactivation of the prosaposin gene could

result in the inactivation of the MAPK pathway. To examine if this was the case,
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prostate sections from homozygous and heterozygous mice were immunostained

with two monoclonal antibodies which recognize the phosphorylated ERK1/2 and

nonphosphorylated forms of ERK1/2. Sections immunostained with the antibody

to the nonphosphorytated farm of ERK1/2 reacted with ail epithelial cells in

heterozygous and homozygous prostates (Figure 3-35). Sections immunostained

with the antibody to the phosphorylated ERK1/2 strongly reacted with tall prostatic

secretory cells in prostate from heterozygous mouse (Figure 3-35). On the other

hand, the epithelial cells in the homozygous prostate remained unstained (Figure

3-35).

ln conclusion, the present observation demonstrated that inactivation of the

prosaposin gene affects the development of the reproductive organs inctuding the

prostate gland. The mice described here should be useful to examine the

following questions: 1) How does prosaposin affect the development of prostate

gland? 2) Is it directly through its trophic activity, i.e., by binding to cell surface

receptors and activating second messengers? 3) Is it indirectly, by regulating

sphingolipid catabolism and production of lipophilic intermediates involved in

signal transduction (i.e. ceramide, sphingosine and sphingosine 1-phosphate)?

Thus these mice should be useful to determine how prosaposin affects the

proliferation of human prostate cells and to permit the development of a novel

therapeutic strategy for the treatment of prostate cancer.
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1. The cloning and the strudural organization of the mouse prosaposin gene was

charaderized for the first time. The entire gene spans over 20 kb in length.

The gene consists of 15 exons and 14 introns. Saposin A is encoded by exons

3,4 and 5; sapasin B is encoded by exons 6,7,8 and 9; saposin C is encoded

by exons 10 and 11 and saposin 0 is encoded by exons 12, 13 and 14 (NCBI

Genbank accession number: U57999). Exon 8 is the smallest exon of the

prosaposin gene and consists of 9 nucleotide base pairs (CATGATCAT). Exon

8 is alternatively spliced in a tissue specifie manner including or exeluding the

three encoded amino aeids (000). The abundance of prosaposin transcripts

with the ooa insertion is found in brain, heart and skeletal muscle and without

the 000 insertion in kidney, spleen, pancreas, lung and testis.

2. Two new mouse and rat prosaposin cDNAs were eloned trom testieular

libraries. They display a 940/0 similarity (880/0 identity). The average similarity

between rodents and human prosaposin is 76% (65% identity). The overall

similarity between the three sequences is 74% (62% identity). Saposin 0 and

the C-terminus of prosaposin are the most conserved region among the three

speeies, while saposin C is the least conserved domain among them.

Secondary strudure predidions indicated that there are three a helices in

saposin A, Band 0 and four a helices in saposin C with an extended helix at

the end. 15 conserved amine acids aligned in the same position of each

saposin are occupied by bulky hydrophobie amino acids (Val, Ile, Leu, Met,

Phe, or Tyr) iIIustrating a common framework of amino acids forming

amphiphatic helices with an internai hydrophobie core that may interact with
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lipids. The QOQ insertion increases the local hydrophilic profile of saposin B.

An increase in local hydrophilicity at the amino terminal end of human saposin

C, which is absent in the mouse and rat sequences, was alsa noted.

3. We determined that the C-terminus of prosaposin is required for its Iysosomal

targeting and that the C...terminus plus at least one saposin domain are

sufficient for its Iysosomal targeting.

4. We presented experimental evidence that the 65 kDa Iysosomal prosaposin

contains mainly high mannose sugar residues and that this form of the protein

may exit from the proximal compartment of the Golgi apparatus. On the other

hand, we found that the 70 kOa secretory prosaposin is glycosylated with

complexlhybrid sugar residues and that it appears to exit from the distal region

of the Golgi apparatus.

5. Inactivation of the prosaposin gene affects the development of testis, efferent

duds, epididymis, seminal vesicles and prostate gland. The secretory form of

prosaposin appears to have atrophie activity on the development of the

prostate gland via the activation of the MAKP pathway.
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