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Abstract: Three acidic glycosidases: β-galactosidase (β-GAL, EC 3.2.1.23), α-
neuraminidase (NEUR, sialidase, EC 3.2.1.18), N-acetylaminogalacto-6-sulfate 
sulfatase (GALNS, EC 3.1.6.4) and serine carboxypepidase cathepsin A (EC 
3.4.16.1) form a functional high molecular weight complex in the lysosomes. 
The major constituent of this complex is cathepsin A, the so-called “lysosomal 
protective protein” (PPCA). By forming a multienzyme complex, it protects the 
glycosidases from rapid intralysosomal proteolysis, and it is also required for the 
intracellular sorting and proteolytic processing of their precursors.  In man, a 
deficiency of cathepsin A leads to a combined deficiency of β-GAL and NEUR 
activities, called “galactosialidosis”. Multiple mutations identified in the 
cathepsin A gene are the molecular basis of this lysosomal storage disease. This 
review describes the structural organization of the lysosomal high molecular 
weight multienzyme complex and the importance of the protective 
protein/cathepsin A in physiology and pathology. 
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INTRODUCTION 
 
Lysosomes are the storage organelles for over 50 acidic hydrolases which can be 
the following groups of enzymes: proteases (cathepsins), glycohydrolases, 
phospholipases, phosphatases and sulfatases. They are responsible for the 
degradation of a wide spectrum of macromolecules within the hybrid organelles 
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produced by heterotypic fusion of the lysosomes with late endosomes, 
phagosomes and autophagosomes [1].  
Many suggestions have been put forward that a strong tendency of some 
enzymes to aggregate in low pH range could be a storage mechanism for 
lysosomal hydrolases, and in addition could be important for the efficient 
stepwise catabolism of different macromolecules within the endolysosomal 
system [1]. The evidence for the existence of the functional lysosomal complex 
came from a number of biochemical and genetic studies of human autosomal 
recessive inherited lysosomal storage disease – galactosialidosis [reviewed in 2 
and 3]. Independently, it was found that fibroblasts from galactosialidosis 
patients were deficient in β-GAL and NEUR activities and a 52-kDa lysosomal 
glycoprotein [4, 5]. This protein was named “protective protein” because of its 
ability to protect both glycosidases against intralysosomal proteolysis. Later 
studies demonstrated that the protective protein is a lysosomal serine 
carboxypeptidase [6] identical to cathepsin A/deamidase [7, 8], and further that 
the multiple mutations identified in the PPCA gene are the molecular basis of 
galactosialidosis [reviewed in 2 and 3]. Apart from lysosomal complex 
formation, the protective protein was shown to associate with NEUR and an 
alternatively spliced variant of β-GAL to form the cell surface receptor complex 
for elastin and laminin [9].  
 
BIOSYNTHESIS OF PPCA AND COMPLEX ASSEMBLY  
 
Lysosomal protective protein/cathepsin A (PPCA) is synthesized on membrane-
bound polysomes as a 54-kDa precursor with a 28 amino acid N-terminal signal 
peptide [7, 10]. After the cleavage of the signal peptide, the precursor protein is 
folded and glycosylated at Asn117 and Asn305 in the endoplasmic reticulum 
lumen, which continues in the Golgi. Within the late Golgi compartment, the 
oligosaccharide chain at Asn117 is labeled by the addition of a mannoso-6-
phosphate, and next the mannose-6-phosphate receptors (MPRs) transport PPCA 
precursor to the endosomal/lysosomal compartment [10, 11]. In the lysosomes, 
the one-chain zymogen with a molecular weight of 54-kDa is processed to a 
mature form by the removal of a 2-kDa excision peptide [11]. The active 52-kDa 
PPCA monomer is composed of the 32-kDa and 20-kDa subunits linked together 
by disulfide bonds. The catalytic triad in the active site (150Ser, 429His and 
372Asp) is located in the 32-kDa subunit of cathepsin A.  
At the early stage of biosynthesis, the protective protein precursor dimerizes and 
associates with NEUR and β-GAL precursors [10-12]. These events are essential 
for the corect intracellular routing of the precursors to the lysosomes, as well as 
for the proteolytic processing of 85-kDa β-GAL precursor to the mature 64-kDa 
enzyme, and for the activation of NEUR and  stabilization of GALNS.  
A large number of reports describe the supramolecular structure of lysosomal β-
GAL-NEUR-GALNS-PPCA complex isolated from various mammalian cells 
and tissues [reviewed in 3 and 13]. For example, human placenta PPCA exists 
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within the lysosome in a 1270-kDa complex with β-GAL-NEUR-GALNS (about 
1% of total PPCA),  a 680-kDa complex with β-GAL  (30 – 40% of total 
PPCA), and in a free 98-kDa dimer (60-70%) [3].  Unlike PPCA, the majority of 
β-GAL and all of the NEUR activity is associated with the protective protein in 
the multienzyme complex.  
 
GALACTOSIALIDOSIS – A MOLECULAR DEFECT OF THE 
LYSOSOMAL PROTECTIVE PROTEIN  
 
The association of lysosomal protective protein with acidic glycosidases is 
required for a stepwise glycolipid hydrolysis: NEUR catalyzes the catabolism of 
sialoglycoconjugates by releasing terminal sialic acid from their oligosascharide 
side chains, β-GAL cleaves the terminal β-galactose residues from 
glycoconjugates, most notably GM1 ganglioside, and GALNS is involved in the 
first step of catabolism of keratan sulfate [reviewed in 3]. There are a number of 
reports indicating that a primary deficiency of PPCA results in a combined 
secondary deficiency of β-GAL and NEUR, called galactosialidosis [reviewed in 
2 and 3]. This autosomal recessive lysosomal storage disease is characterized by 
the accumulation of various sialyloligosascharides and gangliosides in patients’ 
tissues and body fluids [reviewed in 2]. Patients with this disease show various 
clinical phenotypes as regards the age of onset and severity, a feature typical for 
many lysosomal disorders: there is an early infantile form, a late infantile form, 
and a juvenile-adult form. All these forms are characterized by a molecular 
defect of the lysosomal protective protein/cathepsin A [2, 14-16]. For example, 
the juvenile form of galactosialidosis is caused by the skipping of exon 7 in the 
cathepsin A gene termed SpDEX7, whereas mutations at the 412Phe and 221Tyr 
residues in the PPCA gene are typical in the late-infantile form of the disease 
[reviewed in 13]. Many of the missense mutations identified in mutant PPCAs 
alter the folding or the stability of the PPCA protein precursor [15, 16]. None of 
them was shown to occur in the active site or in the protein surface responsible 
for protective function [15]. These results indicate that the absence or inadequate 
processing of the protective protein/cathepsin A precursor lead to a partial or 
complete deficiency of PPCA activity in most galactosialidosis cells. The 
capacity of secreted PPCA to be taken up by galactosialidosis fibroblasts via the 
mannose-6-phosphate receptor [14], together with the fact that transplantation of 
cells overexpressing human PPCA into PPCA knockout mice corrected the 
deficient phenotype, may have a potential therapeutic significance for the 
treatment of galactosialidosis [17, 18]. 
 
OTHER POTENTIAL FUNCTIONS OF THE LYSOSOMAL 
PROTECTIVE PROTEIN/CATHEPSIN A   
 
The structural function of the lysosomal protective protein/cathepsin A is 
distinct from its catalytic activity [7]. PPCA displays carboxypeptidase activity 
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at acidic pH and deamidase and esterase activities at neutral pH towards various 
synthetic and natural bioactive peptides [reviewed in 13 and 19]. In vitro studies 
have indicated that mammalian cathepsin A converts angiotensin I to 
angiotensin II, hydrolyzes endothelin-1, bradykinin and the chemotactic peptide 
fMet-Leu-Phe, and also deamidates substance P [8, 20]. PPCA, that is not 
involved in the formation of the complex can be released from activated cells 
such as blood platelets or lymphocytes [8, 21]. Therefore, it is suggested that it 
may act extracellulary in the local inactivation of small bioactive peptides. 
However, the significance of its function in the regulation of biologically active 
peptides in vivo as well as the clinical and pathological consequences associated 
with bioactive peptide dysfunction have not been investigated in cathepsin A 
knockout mice [17, 18].  
Cathepsin A/deamidase is effectively inhibited by compounds that block the 
active site serine (diisopropylofluorophosphate or phenylmethylsulfonyl-fluoride 
as well as by non-specific SH-reactive compounds, such as p-
chloromercuriphenylsulfonate or HgCl2 [3,19]. Deamidase activity is inhibited 
by a potential antihypertensive agent ebalactone B [19], and the 
carboxypeptidase activity of cathepsin A is strongly inhibited by an effective 
anti-tumor and anti-inflammatory agent lactacystin/β-lactone [22]. No highly-
selective cell-permeable inhibitors of this enzyme are  known of as yet.  
Apart from protective and enzymatic functions, PPCA has been shown to 
associate with NEUR and an alternatively spliced β-GAL (elastin binding 
protein, EBP) to form the cell-surface non-integrin laminin and elastin receptor 
complex expressed on fibroblasts, smooth muscle cells, chondroblasts, 
leukocytes and certain cancer cell types [9]. Little is known, however, about the 
nature and function of the PPCA in this complex. 
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