The Protective Protein:
A Multifunctional Lysosomal Enzyme

Nieis Galjart



Aan Martine



THE PROTECTIVE PROTEIN: A MULTIFUNCTIONAL LYSOSOMAL ENZYME

HET ‘PROTECTIVE PROTEIN": EEN MULTIFUNCTIONEEL LYSOSOMAAL ENZYM

Proefschrift

ter verkrijging van de graad van doctor
aan de Erasmus Universiteit Retterdam
op gezag van de rector magnificus
Professor Dr. C.J. Rijnvos
en volgens besluit van het Collage van Dekanen.

De openbare verdediging zal plaatsvinden op
vrijdag 29 november 1991 om 13:30 uur

door

Niels Jakob Galjart

geboren te Blaricum



Promotiecommissie

Promotor: Prof. Dr. H. Galjaard

Overige leden: Prof. Dr. D. Bootsma
Prof. Dr. P. Borst
Prof. Dr. A, Hasilik

Co-promotor: Dr. A. d'Azzo

Gedrukt door: Drukkerij Haveka B.V., Alblasserdam.

Dit proefschrift werd bewerkt binnen de vakgroep Celbiclogie en Genetica van de
faculteit der Geneeskunde en Gezondheidswetenschappen van de Erasmus
Universiteit Rotterdam.



CONTENTS

Scope of the thesis

1

1.1
1.1.1
1.1.2
1.1.3
1.2
1.2.1
1.2.2
1.2.3
1.2.4
1.2.5
1.3
1.4
2
2.1
21.2
2.2
2.3.1
2.3.2

INTRODUCTION
Intracellular degradation
Non-lyscsomal pathways of protein degradation
Routes to lysosomal degradation
Protein constituents of the lysosome
Biogenesis of lysosomes
Transcription, transfation and transiocation
Targeting to lysosomes
Selective vesicular transport
Endosomes/lysosomes
Non-selective vesicular transport
Lysosomal storage disorders
References
EXPERIMENTAL WORK
Introduction
References
Publications
Discussion
References

SUMMARY
SAMENVATTING
NAWOORD
CURRICULUM VITE

11
11
11
15
17
23
23
26
28
30
32
33
36
54
54
60
69
169
177
181
185
189
191






Publications in section 2.2

. Galjant, N. J., Gillemans, N., Harris, A, van der Herst, G. T, J,, Verheijen, F. W,,
Galjaard, H. and d'Azzo, A. (1988). “Expression of cDNA encoding the human
‘orotective protein’ associated with lysosomai B-galactosidase and neu-
raminidase: homology to yeast proteases.” Cell 54: 755-64.

. Morreay, H., Galjart, N. J., Gillemans, N., Willemsen, R., van der Horst, G. T. J.
and d'Azzo, A. (1989). “Alternative splicing of f—galactosidase mRNA generates
the classic lysosomal enzyme and a B-galactosidase-related protein.” J Biof
Chem 264: 20655-63.

. Galjart, N. J., Gillemans, N., Meijer, D. and d'Azze, A. (1990). “Mouse ‘proteciive
protein’. ¢cDNA cloning, sequence comparison, and expression.” J Biol Chem
265: 4678-84.

. Galjart, N. J., Morreau, H., Willemsen, R., Gillemans, N., Bonten, E. J. and
d’Azze, A (1981). “Human lysosomal protective protein has cathepsin A-like ac-
tivity distinct from its protective function.” J Biol Chem 266: 14754-62.

. Galjart, N, J., Willemsen, R., Gillemans, N., Zhou, X. Y., Morreau, H. and d'Azzo,
A. “Analysis of the glycosylation, intracellutar transport and structure of human
lysosomal protective protein.” Submitted for publication

. Zhou, X. Y., Galjart, N. J., Willemsen, R., Giliemans, N., Galjaard, H. and d’'Azzc,
A. “A mutation in a mild form of galactosialidosis impairs dimerization of the
protective protein and renders it unstable.” EMBO J (in press)

. Wiegant, J., Galjart, N. J., Raap, A. K. and d’Azzo, A. (1891). “The Gene Enco-
ding Human Protective Protein (PPGB) Is on Chromosome-20." Genomics 10:
345-49.






SCOPE OF THE THESIS

This thesis describes the characterization of a lysosomal protein, the ‘protective
protein’, that has at [east two functions. On the one hand it protects lysesomal B~
galactosidase and neuraminidase from degradation within the lysosome, hence its
name. On the other hand it has peptidase and deamidase activities, that could be
involved in protein turnover in lysosomes and hormone (in)activation. Degradation
is distinguished here from proteclytic processing, although both invoive peptide
hydrolysis. The first is, however, an aspecific random process, carried out at multi-
ple sites, whereas the second is a highly specific {single) event. Given the putative
function of the protective protein it seemed appropriate to start with an overview of
intracellular sites of protein degradaticn, followed by a section on the biogenesis of
lysosomes. The introduction ends with a summary on what is known about lysoso-
mal storage disorders, a greup of genetic diseases that are due to defects in lyso-
somal proteins. The protective protein itself is impaired in the rare disorder galac-
tosialidosis and studies on this disease have been the basis for the discovery of the
protein and analysis of its functions.






1. INTRODUCTION

1.1 Intraceilular degradation

Intraceliular catabolism of macromolecules ensures a counterbalance to the pro-
cesses of biosynthesis and endocytosis and prevents the improper accumulation of
products that would in turn impair the normal physiology of the cell. By means of
degradation a cell can remove toxic or damaged components, generate energy,
regulate cellular processes and, in times of starvation, provide the building blocks
for the synthesis of new macromolecules. Degradation is carried out by a multitude
of enzymes that are themselves subject to digestion for the same aforementioned
reasons. it is widely agreed upon that intracellular breakdown can be divided into
non-lysosomal and lysosomal degradation. The first is a collection of those
degradative systems, cytosolic and compartmentalized, that are located outside
lysosomes. The second includes breakdown carried out by the lysosomal hydro-
lases. Because in eukaryotic cells many macromolecuies are degraded in a com-
partmentalized manner, unwanted hydrolysis elsewhere is prevented. At the same
time the grganized breakdown requires that either substrate or enzyme, or both,
are tagged with signals that enable them to meet each other at the appropriate time
and in the correct subceitular compartment.

Since all enzymes are endowed with a certain specificity the breakdown of
macromolacules often occurs in a stepwise fashion. Complexes of enzymes ca-
talyzing sequential steps speed up the degradation because the substrate travels a
minimal distance, is passed on in a favourable conformation for the next hydrolytic
step and the complexed enzymes may enhance each others activity when assem-
bled. Examples of and variations on these general themes within a cell will be dis-
cussed in the next sections.

1.1.1 Non-lysosomal pathways of protein degradation

In mammalian cells ail proteins are in a state of centinuous turnover, with individual
polypeptides being broken down at widely differing rates (for a recent review see
Rivett, 1990). Degradation respends to changes in nultitional and hermonal condi-
tions and to changes in the metabolic state of the cell (Ballard, 1887; Mortimore,
1987). Depending on their half lives proteins have been divided into short- and
long-lived. The level of intraceliular ATP influences the degradation rates of both
ciasses (Gronostajski et af, 1985), although ATP-independent cytosolic proteolysis
has also been reported (Woods and Lazarides, 1985; Fagan et al, 1986).

11



Shori-lived cytosolic proteins are the prime targets for non-lysosomal path-
ways of protein degradation, as has been shown by the use of inhibitors of lysoso-
mal function. One major system for selective cytosolic protein degradation is the
ubiquitin pathway (reviewed by Ciechanover and Schwartz, 1989; Jentsch et al,
1990; 1991). its selectivity depends largely on the ability of certain specialized en-
zymes, namely the ubiquitin-activating and -conjugating proteins E1, E2 and auxi-
liary factor E3, to recognize and tag proteins destined for degradation. This is
achieved by the formation of a link between the C-terminal glycine of ubiquitin with
the e-amino group of an internal lysine residue of the substrate protein. Polyubi-
quitination can take place at defined lysine residue(s) within the 76 aming acid
long ubiquitin polypeptide, resulting in branched chains (Chau et 2/, 1988). These
structures are thought to be the real signal for degradation. Selective turnover of
ubiquitinated substrate proteins is then carried out by an ATP- and ubiquitin-de-
pendent protease complex of high molecular weight (Fagan et afl, 1887; Hough et
al, 1987). However, ubiguitin has alsc been found coupled to stable proteins and
ubiquitin-conjugating enzymes have been implicated in other basic cellular func-
tions such as DNA repair and cell cycle control (for review see Jentsch et af, 1991).
Therefore, it is now understood that the marking of proteins for selective degrada-
tion is not the only role of the ubiquitin system.

The structural characteristics of a protein that determine its turnover rate are
not well understood, but some rules have been proposed that relate protein pri-
mary structure to stability. One of these, the “N-end” ruie, applies for ubiguitin-de-
pendent degradation and relates the N-terminal amino acid of a protein to its intra-
cellular stability (Bachmair et al, 1986). This signal, however, may be restricted to
unfoided, nascent or highly flexible polypeptides (Rechsteiner, 1987) and/er it may
operate on cleaved products of intraceliular proteins (Dice, 1987). In addition, it
depends on the correct location of a lysine residue, that could be the acceptor of a
>olyubiquitin chain (Bachmair and Varshavsky, 1888). Regions, rich in proline,
glutamic acid, serine or threonine called PEST domains, have also been implicated
in selective turnover, since they are common in primary structures of several shon-
lived proteins (Rogers et al, 1986). It has been demonstrated that deleticn of such a
PEST-domain from the cytosolic enzyme ornithine decarboxylase yields a
truncated product that is considerably more stable {(Ghoda et af, 1889). However, a
second PEST region in this enzyme, still present in the truncated product, is appa-
rently less influential, indicating that foiding of a protein may mask determinants
that otherwise would act as targets for degradation. In accordance with this is the
finding that the rate of degradation of 35 proteins of known crystallographic strue-
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ture, microinjected into Hela cells, did not significantly conform to the aforemen-
tioned rules (Rogers and Rechsteiner, 1988a; 1988b; 1988¢). Other events that
may modify a polypeptide and render it abnormal and hence unstable are: da-
mage (e.g. oxidation), phosphorylation or natural mutation(s).

The deiineation of non-lysosomal pathways of protein degradation has
shifted scientific interest towards the isolation of the cytosolic and nuclear pro-
teases responsible for intracellular protein turnover. Two high molecular weight
complexes have been identified, which could fulfill this function (for review see
Rivett, 1988a). One is a 1500 kDa (288) particle, capable of degrading ubiquiti-
nated proteins in vitro in an ATP-dependent fashion (Fagan et &/, 1987; Hough et
al, 1987). The other is smaller (~600 kDa) and has been given many names, the
most common being multicatalytic proteinase complex, MCPC (reviewed by Rivett,
1988b). The iatter can be part of a 263 proteolytic complex (Driscoll and Goldberg,
1990) and it is present also in yeast, where it is called proteinase yscE (Achstetter
et al, 1984). Recenily, it has been shown that certain subunits of the yscE complex
are also impdrtant in the degradation of ubiguitinated proteins (Heinemeyer et &f,
1881} and are essential for life (Fujiwara et al, 1990; Heinemeyer ef af, 1991).
Several hypotheses could explain why these proteases are of such a high molecu-
lar weight: the dissociation and association of key compenents, such as inhibitors
or activators, allows a careful regulation of the proteolytic activity; the multifunc-
tional and multicatalytic nature of the complexes involves many subunits; the for-
mation of a channeling mechanism which binds and then cleaves ubiquitinated
proteing sequentially, thereby avoiding diffusion of possible poiscnous peptide in-
termediates, requires a multicomponent complex (Heinemeyer et al, 1991; Rivett,
1989a;1988h).

Besides the aforementioned example of cytosolic protein degradation,
membrane enclosed non-lysosomal turnover has also been documented. In mam-
malian cells another selective degradation system has only recently been recog-
nized in the endeplasmic reticulum, ER {for review see Klausner and Sitia, 1990).
Its place so early in the secretory route is on one hand logical since here it can re-
move redundant or abnormal proteins before they bacome harmful to a celi, or ac-
cumulate to toxic levels within the ER. On the other hand it seems odd that another
set of non-lysosomal protfeases exist, thus far undiscovered, that exercise a func-
tion similar to the lysosome yet in an earlier biosynthetic compartment. Neverthe-
less, ER degradation is insensitive to lysosomotropic agents such as NH4Cl and
chloroquine, and it is not prevented by cycloheximide or other inhibitors of au-
tophagosome formation such as methyladenine or colchicine (Lippincott-Schwartz
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et al, 1988). Furthermore, it is acceierated by depletion of cellular calcium
(Wileman ef af, 1981), a cation thought to be important for the maintenance of ER
structure {for review see Koch, 1990). The finding of a lag-time between completion
of protein synthesis and start of ER degradation as well as a partial block in degra-
dation at 16 OC suggsst that it takes place at a site physically separated from the
earliest biosynthetic compartment (Lippincott-Schwartz et af, 1988). The energy re-
quirement of this process is contradictory in twe reporis of the same group
{Lippincott-Schwartz ef al, 1288; Klausner and Sitia, 1990).

Thus far a specific signal for ER-retention and -degradation has only been
- defined in the a—subunit of the T-cell receptor, TCR (Bonifacino et a/, 1890a;
1980b). The domain is located in the transmembrane region of the a-chainand it is
characterized by positively charged amino acid residues. Association with the CD3
& subunit of the TCR complex is alsc mediated by this region. This assembly masks
the retention/degradation signal and allows further complex formation and exit out
of the ER. Other examples of proteins that might have putative signals for ER
degradation are HMG-CoA reductase and apolipoprotein B-100 {Klausner and
Sitia, 1980). An alternatively spliced subunit (H2A) of the asialoglycoprotein recep-
tor is also degraded in the ER, the determinant for turnover being 5 aminc acids
immediately next to the transmembrane domain (Amara &t al, 1889; Lederkremer
and Ledish, 1891). Notably, like the TCR «-chain, these are ali examples of nor-
mally occurring membrane associated proteins. In contrast, no specific determinant
has yet been identified for the degradation of normai soluble ER proteins. Instead,
only aberrant (mutated, chimaeric) or incompletely assembled scluble proteins
have been shown to follow this degradative route with widely differing half lifes
(e.g- Lau and Neufeld, 1889; Sitia et af, 1990; Stolier and Shields, 1989; our own
results in Chapter 2). This could be related to the tendency of some proteins to form
aggregates, thereby altering their proteolytic susceptibiiity. Alternatively, multiple
pathways of ER-degradation may exist resulting in different rates of turnover. it re-
mains to be determinad whether proteins like the TCR a-chain are selectively de-
graded by proteases recognizing a specific tag, or selectively targeted ¢ a novel
proteolytic compartment (Kiausner and Sitia, 1990).

The two non-lysosomal pathways of protein turnover depicted above func-
tion in protein depletion but their contribution to the production of essential amino
acids for biosynthetic purpeses is limited. The latter function is assigned to the
lysosomal-vacuolar system, which will be described below.
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1.1.2 Routes to lysosomal degradation

Lysosomes can be defined as a group of heterogengous acidic vacuoles, sur-
rounded by a single membrane with as a main function the digesticn of macro-
molecules. They can be viewed as the terminal degradative compartment
(reviewed by Komfeld and Mellman, 1288). In yeast and plants vacuoles fulfill a
similar function but they are invoived alse in metabolic storage and cytosolic ion
and pH homeostasis (Klionsky et af, 1990). The pH of the [ysosome is estimated to
be ~4.7, it is maintained by an H*-ATPase pump and it is essential for organelle
function (for review see Ohkuma, 1987). In fact, weak bases (e.g. ammoniz, chloro-
quine) can diffuse into lysosomes and become protonated and trapped, with con-
sequent increase of intralysosomal pH and dysfunction. As far as their contribution
to protein turnover is concerned, some authers state that lysosomes mainly de-
grade long-lived proteins (see reviews by Mortimore and Khurana, 1980; Rivett,
1880).

The routes by which macromolecuies that need to be degraded reach the
lyscsomes are sumrmarized in Figure 1. Extracellular material is taken up either
selectively by receptor-mediated endocytosis (see section 1.2.3) or non-selectively
by pinocytosis and phagocytosis. Intracellularly, micro- and macroautophagy ac-
count for most of the non-selective breakdown of cytosolic proteins. Microau-
tophagy is the term coined to describe the invagination of the lysosomal mem-
brane, followed by formation of intralysosomal vesicles containing cytoplasmic
material. Macroautephagy is the process by which preexisting ER membranes en-
gulf portions of the cytosol and form autophagosomes (for review see Marzella and
Glaumann, 1987). As studied in the perfused rat liver, these vesicles are initially
surrounded by two membranes, derived from preexisting smooth ER, with the in-
termembrane space equivalent to the lumen of the ER (Dunn, 1990a). They then
fuse with primary lysosomes, i.e. lysosomes that do not contain degraded material,
io form a secondary lysosome or autolysosome (Dunn, 1930b). Macroautophagy is
in part a regulated, reversible process, which can be enhanced among others by
stress. Starvation of liver cells by depletion of certain amino-acids induces it after &
lag-time of ~& min, The effect is an increased non-selective protein turnover, which
provides the cell with new amino acids. Recently it has been shown in cultured
mouse mammary carcinoma cells that the ubiquitin-activating enzyme E1 is neces-
sary for the heat-induced increase of lysosomal protein breakdown (Gropper et &/,
1891). E1 may act either on the formation of the autophagic vacuoles or on the tar-
geting of cytosclic preteins (Gropper ef af, 1991). This finding links the cytosolic
ubiquitin-pathway to the lysosomal pathway of protein degradation.
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Figure 1. Routes to lysosomal degradation.
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Shown is a eukaryotic cell in which the various pathways to lysosomal (protein) break-
down (their names are italicized), that are discussed in the text, are active. The direc-
tions of these routes to lyscsomes are indicated with open arrows. Newly synthesized
lysosomal enzymes are delivered to endosomes along the pathway marked with filled
arrows and are subsequently transported to lysosomes. The different intracellular
compartments and vesicles are not drawn proporticnal to each other. AV: autophagic
vacuele, L: lysosome, AL: autophagolysosome, R: ribcsome, ER: endoplasmic reticu-

fum.

Dice and coworkers have demonstrated that cylesolic proteins can also be
selectively broken down in lysosomes under stress conditions, like serum depletion
(reviewed by Dice, 1990). This induces certain proteins {o expose an amino acid
stretch either identical or similar to Lys-Phe-Glu-Arg-Gln (KFERQ), which allows
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their recognition by a member of the heat-shock protein (hsp) 70 family, termed
prp73, that in turn targets them to the lysosome. The actual mechanism by which
these substrate proteins are subsequently transiccated through the lysosomal
membrane is unknown. The rationale behind this selective targeting is that upon
starvation the liver respends first by non-selectively turning cver proteins through
enhanced macroautophagy and then shifts to the selective degradation of dis-
pensable proteins containing KFERQ-like sequences (Dice, 1980).

Another example of targeted vacuolar turnover of a cytosolic protein was re-
cently found in yeast. Fructose 1,8 biphosphatase (FBPase), a key enzyme in glu-
coneogenesis, is highly expressed when cells are grown in poor glucose medium,
When cells are then switched to rich medium the enzyme is targeted to the vacucle
and selectively degraded. It is noteworthy that FBPase has a remote KFERQ-se-
quence (Chiang and Schekman, 1281).

1.1.3 Protein constituents of the lysosome

The degradative power of the lysosome is mastered by a set of acidic hydrolases
and other supporting censtituents, some 70 of which have now been described.
Each enzyme recognizes a specific bond and sometimes additional features on a
substrate and is classified accordingly. Lysosomal hydrolases have a low pH opti-
mum and, except for the proteinases, many form higher order structures.

Because of the focus of this thesis some consideration will be given first to
the lysosomal peptide hydrolases, collectively cailed cathepsins (a corruption of a
Greek term meaning “tc digest”), although they are not the biggest group (reviewed
by Kirschke and Barrett, 1887). Like all other proteases cathepsing are subcatego-
rized depending on whether they cleave within or at the extremes of a polypeptide
chain, i.e. whether they are endoproteases (proteinases) or exoproteases
{carboxy- or amino peptidases). Based on the four known catalytic mechanisms
utilized by proteases to hydrolyze a peptide bond, these enzymes are further clas-
sified as serine-, cysteine-, aspartic acid- and metallo-proteases.

The serine proteases are specified by the socalled catalytic triad of Asp, His,
and Ser amino acid side chains, that form a “charge relay” system in which electron
density is “pushed” towards the serine-oxygen. In the three-dimensional conforma-
fion of active serine proteases these amino acids are neatly arranged next to each
other in the order Asp-His-Ser, with the latter residue in the active center. In their
primary structures instead these residues can be located far apart. The develop-
ment of class specific inhibitors such as the compound diisopropylfluorephosphate
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(DFP), that only reacts with the active site serine, has made assignment to a certain
group of proteases more easy.

So far the best characterized lysosomal endoproteases are cathepsins B, H,
L {cysteine type) and D (aspartic acid type) for which the corresponding ¢cDNAs
have been cloned. Remarkably, these proteinases are isclated as monomeric en-
zymes and it has been calculated for cathepsins B and D that their intralysosomal
concentration could be as high as 25-45 mg/ml (~1 mM) (Kirschke and Barrett,
1987). This finding shouid be kept in mind when interpreting data obtained in vitro
since such experiments are mostly performed using lysosomal enzyme concentra-
tions that are a few orders of magnitude lower. Contrary {0 the proteinases the exo-
proteases are mostly isclated in higher order structures. Both amino- and car-
boxypeptidases have been characterized but, except for the protective pro-
tein/cathepsin A, no other primary structure threugh ¢DNA cloning is known. Given
their high intralysosomal concentration and aspecificity it is assumed that [ysoso-
mal proteases have overlapping proteolytic activities and they do not need to act
sequentially on a substrate.

The most diverse group of lysosomal hydrolases are the glycosidases.
These are mostly exo-enzymes, specific for a glycosy! unit and its anomeric lin-
kage. Hence they have to work in concert {0 sequentially remove monosaccharides
from a variety of natural substrates. In this case enzyme complex formation would
definitely add to the rate of substrate hydrolysis. Figure 2 shows two examples of
macromolecuies that are broken down in lysosomes in an ordered fashion and the
enzymes involved in this event {for review see Aronson and Kuranda, 1989). Steps
in the sequential degradation of macromolecules could be identified because of
the presence of accumulated substrate(s) in tissues and urine of patients with a
lysosomal enzyme deficiency. The latter can also be induced using inhibitors of
lysosomal enzymes. Such studies have indicated that in glycoprotein breakdown
peptide hydrolysis enhances the speed of oligosaccharide hydrolysis, probably
because of the relieve of steric hindrance (Kuranda and Aronson, 1987).

Some hydrolases need an additional non-enzymic factor (activator) for full
depleyment of activity. Two ¢f such activators have been characterized biochemi-
cally and purified some time ago. One cofactor was termed sulfatide activator pro-
tein, or SAP, because of its in vivo action on the substrates of aryisulfatase A, i.e.
the sulfatides (Fischer and Jatzkewitz, 1975).
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Figure 2 Macromolecular substrates for lysosomal enzymes.
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by the glycosidases are indicated with the open arrows, again these have

two work in concert. The protein backbone can presumably be broken
down at random.
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In vitro this cofactor also stimulates the degradation of GM1-ganglioside and
globotriaosylceramide by p—galactosidase and a-galactosidase, respectively (Li
and Li, 1976). Its function is to extract the lipid substrates from membranes ¢ make
them available for hydrolysis.The second cofactor is essential for the activation of
membrane associated lysosomal glucocerebrosidase (Ho and C'Brien, 1871), but
it acts on the enzyme rather than on the substrate. It has recently been
demonstrated that both the aforementioned cofactors as well as two other heat
stable activator proteins, now collectively called saposins, are derived from a single
high maolecular weight precursor by proteclytic processing (Furst et al, 1988;
O’Brien et af, 1988). interestingly, this uncleaved proform was shown to be similar
10 a suifated glycoprotein secreted by rat sertoli cells, which may have a function in
spermatogenesis (Coilard ef al, 1988). Thus, multiple functions seem to be
gathered within one amino acid sequence. A 22 kDa cofactor of f—hexosaminidase
A, needed for the hydrolysis of Gp2-ganglioside but not related to the saposins,
has also been isolated and sequenced {Meier et al, 1981; Xie et af, 1991). The
lysosomal protective protein, although needed for the stabilization and activation of
B-galactosidase and neuraminidase respectively, differs from the other cofactors in
that it has a distinct enzymatic activity (see chapter 2).

After complete hydrolysis of a macromolecule, low molecular weight building
blocks need to be transported accross the lysosomal membrane for reutilisation
and to ciear the lysosomes. This might occur in some cases by simple diffusion.
However, an increasing number of carrier-mediated transport systems have been
demonstrated to exist. Thus, metaboiites iike cystine (Gahl ef a/, 1982), acidic
moncsaccharides such as sialic acid and glucuronic acid (Mancini ef 2/, 1889),
neutral hexoses (Mancini et a/, 1990), phosphate (Pisoni, 1891}, calcium (Lemons
and Thoene, 1981) and Vitamin B12 (idriss and Jonas, 1981) are specifically
transported.

In addition to the enzymes, activators and transport proteins lysosomes
contain structural components which are the lysosomal integral membrane proteing
(LIMP}, also called lysosome-associated membrane proteins (LAMP) or iysosomal
membrane glycoeproteins (igp). As deduced from the available primary structures
this is a family of glycoproteins with a short ¢ytosolic tail (10-11 amino acids), a
singie transmembrane segment and a heavily glycosylated (sialylated) luminal
portion (Granger ot al, 1990). At present the function of these different membrane
components i$ not known. it is assumed that their abundant glycosylation may
serve 1o protect these proteins (Barriocanal et a/, 1988) as well as the lipid bilayer
{Schauer, 1985) from degradation by lysosomal hydrolases. Normally the LAMPs
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are detected almost exclusively on the lysocsoma! membrane, but certain cellular
processes, like differentiation, may modulate their glycosylation state and cell sur-
face expresssion, suggesting a role for these proteins in cell adhesion (Amos and
Lotan, 1980). Upon stimuiation with thrembin, activated platelets expose LAMP-1 at
their surface and in this case it was reascned that the protein could aid in platelet
aggregation (Febbraio and Silverstein, 1990). This provides another example of an
extralysosomal role for a lysosomal protein.

Protein sequencing and deduction of primary structures from cloned cDNAs
encoding various lysosomal proteins have failed to show any linear stretch of
amino acids common to this class of proteins. This was somewhat surprising since
many of these enzymes are targeted in a similar manner to lysosomes. However,
these studies did make clear that many lyscsomal proteing are homologous to
other proteins present either within or outside the lysosome and that there may
even exist cognate proieins in lower eukaryotic and/or prokaryotic organisms.
Table 1 lists the different protein families, with the various lysesomal and non-lyso-
somal members. It is apparent that a similar enzymatic activity is often the basis for
a partial sequence identity among different proteins. For example the lysosomal
enzymes o- and B-hexosaminidase are homologous, as are a-galactosidase and
o-N-acetylgalactosaminidase and the family of sulfatases. The lysosomal enzyme
involved in the degradation of glycogen, «-glucosidase, is homologous to the non-
lysosomal intestinal brush border sucrase/isomaltase. The protective protgin
shares sequence identity with the yeast vacuolar carboxypeptidase Y as well as
with the Golgi complex located KEXT gene product and several plant serine car
boxypeptidases. Here, the finding of sequence homelogy has revealed that the
protective protein bears protease activity.
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Table 1. Related lysosomal and other proteins (the table is adapted from Neufeld 1991)

iduronate sulfatase

related lysoscomal proteins protein homologues refs?)

B-hexosaminidase - and B-subunits B-N-acetylglucosaminidase 1-7
{Dictyostelum discoideumn)

B-glucuronidase B-glucurcnidase (E. cofi} 8-12

a-galactosidase o-galactosidase (yeast, £ coff) 13-17

a-N-acetylgalactosaminidase

a-glucosidase intestinal brush border 18
sucrase/isomaitase

acid phosphatase prostatic acid phosphatase 19-21

arylsulfatases A and B microsomal steroid sulfatase 22-29

N-acetylglucosamine 6-sulfatase aryisulfatase (sea urchin}

lysosomal integral membrane proteins 30
cathepsing B, H, L, § papain family of thiol proteases 31, 32
cathepsin D renin/pepsinogen family of aspartyl 33
proteases
protective protein/cathepsin A serine carboxypeptidase family {yeast, 34
' plants)
a) 1: Myerowitz et al, 1885; 2: Korneluk et &l 1986; 3: Proia et al, 1987; 4: Bapat et al, 1988;
5: @Graham et al, 1988; 6: Necte et &/, 1988; 7: Proia ,1988;
Nishimura et &/, 1886; 9: Oshima et af, 1987; 10: d’Amore ot al, 1988; 11: Powell et al,
1888; 12: Miller et al, 1990;
13: Bishop et af, 1986; 14: Kornreich et a/, 1989; 15: Tsuji ef a/, 198S; 16: Wang et a/,
1890; 17: Wang et al, 1891;
18: Heefsloot et af, 1988;
19: Yen et al, 1987; 20: Pohimann et al, 1988; 21: Robertson et al, 1888;
22: QGeier et a/,198%; 23: Peters et al, 1989; 24: Stein et af, 1889a; 25: Stein et al 198%h;
26: Kreysing et al, 1990; 27: Peters et al, 1990; 28: Schuchman ef al, 1990; 28: Wilson &t
al, 1890;
30: see references in Zot et af, 1990;
31: see references in Kirschke and Barrett, 1987; 32: Ritonja et af, 1991;
33: Faust ef al, 1985;
34: see chapter 2.
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1.2 Biogenesis of lysoscomes

1.2.1 Transcription, translation and transloccation

More than ten genes encoding different lysosomal proteins have been isolated and
characterized. These studies have shown that with the prominent exception of the
gene enceding B—glucocerabrosidase (Reiner et al, 1888) the respective promo-
ters are very GC-rich and bear characteristics of promoters present in house-
keeping genes, which are ubiquitously expressed. However, tissue specific ex-
pression of mRNAs encoding lysosomal proteins has also been observed (e.g.
cathepsin B: San Segundo ef af, 1986; see also chapter 2). This might indicate a
differential need for these proteins in various tissues. Remarkably, the cathepsins
B, H, L, and D are overexpressed and secreied in increased amounts in certain tu-
mours (Rochefort et al, 1987; Sloane et af, 1987). This process may contribute to
the metastatic potential of the transformed cells, because of the degradation of ex-
tracellular matrix by the proteases.

Some of the genes encoding lysosomal proteins give rise to transcripts, that
undergo alternative splicing. These include the genes for p-glucuronidase
(Oshima et a/, 1987), B—galactosidase (Morreau et al, 1989; Yamamoto et al,
1890), sphingomyelinase (Quintern et af, 1989; Schuchman et &, 1991), «-N-
acetylgalactosaminidase (Wang et al, 19280; Yamauchi ef a/, 1990), the sulfatide
activator protein, or saposin 1 (Holtschmidt et af, 1991; Nakano et al, 1983; Zhang
et al, 1990; Zhang et a/, 1981) and aspartylglucosaminidase (Fisher and Aronson,
1991). Only in the case of p—galactosidase, B—glucurcnidase and sphingomyeli-
nase the cDNAs, derived from the aliernatively spliced transcript, were expressed.
in all instances, however, the protein products were enzymatically inactive. Thus far
none of the alternatively spliced transcripts has been shown to encode a physiolo-
gically functional protein.

The segregation of secretory proteins, including lysosomal, from other
polypeptides begins at the level of franslation and is mediated by a discrete to-
pogenic signal, called the signal sequence (Blobel, 1880). Statistical analysis of
several known signal sequences revealed that they do not share any amino acid
homology and vary considerably in iength. Still they maintain characteristic fea-
tures that include an N-terminal region with a positive net charge, a hydrophobic
central core of 7-156 amino acids and a C-terminai domain consisting of 4-6 rela-
tively polar residues (von Heijne, 1986). When the signal sequence is exposed on
a nascent chain it is recognized and bound by the signal recogniticn particle, SRP
(Walter and Blobel, 1980; 1982), which causes a transient arrest of transiation. it is

23



the SRP that directs the nascent polypeptide-ribcsome complex to a “docking”
protein (SRP receptor) on the ER-membrane (Gilmore et af, 1982a; 1982b; Meyer
et al, 1982). This event permits association of the ribaseme to its receptor (Savitz
and Meyer, 1890), GTP-dependent release of the SRP from the signal sequence,
cessation of translation arrest (Connolly and Gilmore, 1888; Gilmore and Blobel,
1983; 1985) and transiocation of the signal sequence through the ER-membrane.
Finally, GTP-hydrolysis is probably needed for the subsequent release of the SRP
from the “docking” protein, which enables the various components 1o mediate an-
other round of signal sequence binding and translocation. The [atier two processes
can be biochemically uncoupled, indicating that they are sequential reactions
{Nicchitta et 2, 1891) . Recently, Simon and Blcbel {1981) have demonstrated the
existence of a proteinaceous protein-conducting channel within the ER membrane
that mediates translocation of nascent polypeptides and is kept open by attached
ribosomes. These studies show that only protein-protein interactions determine the
fate of a translocating polypeptide chain and that the lipid bilayer of the ER mem-
brane is not involved in this process. At the luminal side of the ER a signal pepti-
dase cleaves off the signal sequence io release the proform of a secretory
{lyscsomal) protein.

Inside the ER 2 prominent modification of precursor proteins that takes place
co- or postiransiationally is glycosyiation on specific Asn residues in the primary
sequence context Asn-X-Ser/Asn-X-Thr (X being any aming acid except Pro). The
reaction is accomplished by transferring a triantennary structure of 14 sugar
molecules (9 mannose, 3 glucose, 2 N-acetylglucosamine) en bloc from a lipid
carrier, dolichol-pyrophosphate, to the protein (reviewed by Kornfeld and Kornfeld,
1985). In cultured celis glycosylation ¢can be prevented by addition of drugs like tu-
nicamycin (for review on inhibition of the biosynthesis and processing of N-linked
oligosaccharide chains see Elbein, 1887). ER localized glucosidases and man-
nosidases remove postiransiationaily the terminal glucose residues and one man-
noge from the cligosaccharide side chains.

Transiccation and glycosylation are accompanied and/or followed by the
folding of the precursor pelypeptide, an event that includes formation of correct
disulfide bridges. Previously, the concept of self-catalyzed or spontanesus protein
folding and assembly was generally accepted, the information for proper folding
being completely enclosed within the primary structure of a2 given protein. More re-
cently, however, this notion has been abandoned in favor of the theory of “protein-
catalyzed” protein folding (for review see Rothman, 1988). The process is now
thought to occur in a number of discrete steps under the guidance of a specialized
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class of molecules, calied “molecular chaperones” (for reviews see (Ellis ef &/,
1989; Ellis and van der Vies, 1981). These are members of a family of “heat shock”
proteins (hsp), termed as such because they were first detected in increased
amounts after heat treatment. 1t is now established that they are also constitutively
expressed proteins. Chaperonins bind to partially unfolded proteins, thereby pro-
moting a proper conformation and preventing the aggregation of polypeptides. Cy-
cles of binding and release are possible at the expense of ATP. Exposed hy-
drophobic domains in a partially unfolded precurscr could be viewed, analogously
to the signal sequence, as the targeting domains to which the chaperoning could
bind (Landry and Gierasch, 1991). Protein folding within the ER was shown to be
mediated by a a member of the hsp70 family (Munre and Pelham, 1888), a protein
that turned out to be identical to the immunoglebulin heavy chain binding protein,
BiP (Haas and Wabl, 1983). Not only does BiP aid in the folding of newly synthe-
sized luminal proteins, it alsc mediates the assembly of multicomponent protein
structures (reviewed by Hurtley and Helenius, 1989; Pelham, 1989). In yeast, the
homologue of BiP is also reguired for the translocation of secretory proteins into the
ER (Nguyen et a/, 1991). Another ER enzyme, protein disulfide ispmerase or PDI
{(Edman et al, 1985), catalyzes thiol-disulphide interchange in vitro and aids in the
formation of correct disulfide bridges in newly synthesized precursors in vivo
(Freedman, 1988).

Attaining a proper conformation is a prereguisite for exit out of the ER and
this has been termed the quaiity-control system of this compartment (Hurtley and
Helenius, 1989). It prevents unassembled, denatured, mutated or otherwise zber-
rant proteins to cause damage further down the secretory pathway. Perhaps as a
consequence of their prolonged [ifespan in the ER these faultily folded precursors
arg cleared by the aforementioned ER-degradation system.

Scluble proteins such as BiP and PDI carry out essentiai functions and must
be constitutively present within the ER. This compartment is filled with these and
other resident proteins, collectively termed reticuloplasmins {Koch, 1887). How is
the segregation between resident and traversing proteing accomplished ? It has
been proposed that the lumen of the ER has a highly ordered supramolecular pro-
tein structure, maintained among others by calcium (for review see Koch, 1980).
This scaffold could be the major determinant in the retention of soluble reticulo-
plasming. Perturbation of cellular calcium levels indeed causes the secretion of
several resident ER proteins (Booth and Koch, 1889). However, a small proportion
of proteins escaping from this structure would have to be selectively retrieved. BiP
and PDi are retained because they contain a specific signal consisting of a C-ter-
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minal extension of the 4 amino acid residues Lys-Asp-Glu-Leu, or KDEL (Munro
and Pelham, 1887). In higher eukaryoctes the KDEL-sequence reguirement is not
strict , as a limited number of other residues have similar effects (Andres et al,
1980). A variation of this retention motif is present in yeast, where the signal is
HDEL (Pelham ef al, 1988). It has been demonstrated that the KDEL-sequence is
responsible for retrieval of resident proteins, presumably from a compartment be-
tween the ER and Golgi which has been called “salvage compariment”. Soluble
proteins that lack this signal leave the ER. These observations have been substan-
tiated by the identification in yeast of a receptor that recognizes the “HDEL” signal
(Lewis et al, 1990b; Semenza et al, 1990). Also in man two putative receptors have
been identified, one of which is homologous to the yeast receptor (Lewis and Pel-
ham, 1980z; Vaux et af, 1990).

Some transmembrane ER proteins, like the adenoviral E3/19K giycoprotein,
contain retention motifs different from the KDEL sequence on their cytopiasmically
exposed tails, indicating they are retrieved by different factors (Jackson et af, 1990;
Nilsson ef af, 1989; Paabo et al, 1987).

1.2.2 Targeting to lysosomes
The major pathway for segregation of soluble lysosomal enzymes starts in the pre-
Golgi/Goigl compartment (Lazzarino and Gabel, 1988; for review see Kornfeld and
Mellman, 1889). At this site lysosomal proteins are specifically recognized by the
enzyme UDP-N-acetylglucosamine:lysosomal énzyme N-acetylgiucosamine-i-
phosphotransferase (phosphotransferase), that transfers N-acetylglucosamine-1-
phosphate to specific mannose residues on selected Asn-linked oligosaccharide
moieties. This process is followed by the removal of terminal N-acetylglucosamine,
catalyzed by a second enzyme, N-acetylglucosamine-1-phosphodiester a-N-
acetylglucosaminidase, that leaves free mannose-6-phosphate (M6P) residues,
¢ne or two per oligosaccharide chain. In spite of the specificity of the reaction the
protein determinant on lysosomal precursors that is recognized by the phospho-
transferase is not a linear aminc acid sequence, but rather a combination of non-
contiguous stretches brought together In three dimensional space (Baranski et &/,
1920). The structure must also be oriented properly with respect to the substrate
oligosaccharide chain. In the case of lysosomal cathepsin [ a lysine residue is &
critical component of the protein determinant (Baranski et a/, 1990).

Transit through the three defined regions of the Goigi stack, i.e. cis-, medial-
and trans-Golgi, brings about a further modification of the oligosaccharide chains
on the heterogeneously phosphorylated lysosomal proteins. This is achieved by
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Golgi resident glycosidases and glycosyltransferases, of which some 100 different
types are presumed to exist (Paulson and Colley, 1988). Modification by a glycosyl-
transferase is taken as svidence that & protein has traveied through the compart-
ment where the transferase is [ocated. The stepwise addition of sugars like N-
acetylglucosamine, galactose and sialic acid builds “hybrid” or “complex” types of
oligosaccharide chains on lysosomal proteins (see Figure 2). Instead, unmedified
side chains are said to be of “high mannose” type. Only the latter and the “hybrid”
chains contain M&P residues. At the trans-side of the Golgi complex, in a reticular
structure called the trans-Golgi network, TGN (Griffiths and Simons, 1988), lyscso-
mal protein precursors with a fully modified M6P recognition marker are recognized
by and bind to a specific receptor. The ligand-receptor complexes are at this point
competent for targeting to lysosomes.

The discovery of the MGP recognition marker (Kaplan et al, 1977) led to the
identification of two distinct MEP receptors, MPR (Hoflack and Kornfeid, 1885; Sa-
hagian ef af, 1981), for which the corresponding cDNAs have been cloned from
various species and the primary structures determined (for review see Kornfeld and
Mellman, 1989, and references therein; Ma et al, 1881). One is about 300 kDa and
binds ligand in the absence of divalent cations (cation independent- or CI-MPR). lts
preproform is composed cof a signal sequence, followed by a large extracellular
domain, coniaining 15 contiguous repeating elements 16-38 % identical 1o each
other, a transmembrane domain and a cytoplasmic tail. The smaller receptor is 46
kDa and exhibits enhanced ligand binding affinity in the presence of divalent
cations (cation dependent- or CD-MPR). It is alsc an integral membrane glycopro-
tein, oriented in the same way as the CI-MPR. Moreover, its extracellular domain is
homologous to each of the repeating units of the CI-MPR, indicating that the two re-
ceptors are derived from a commeon ancestor. Both receptors exhibit different affini-
ties for ligands and have different pH optima. The CI-MPR assumes a monomeric
conformation, whereas the small receptor is presumably dimeric, although mono-
and tetrameric forms have also been reported (Waheed et &/, 1990a; Waheed and
von Figura, 1890b). As monomer and dimer, respectively, the Cl- and CO-MPR can
bind one mole of diphosphorylated ligand per mole of “native” receptor. From the
ligand side efficient binding tc the receptor depends on the degree of phosphoryla-
tion, the type of oligosaccharide chain (Faust and Kornfeld, 1988) and in some
cases protein determinants. The latter parameter was found to play a role in the
segregation of cathepsin L in transformed mouse fibroblasts, where it is the major
excreted protein (MEP). in these cells MEP displays a reduced binding to the Cl-
MPR in comparison with other lysosomal enzymes, which results in the enhanced
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secretion of this protease (Dong ef al, 1889). This is in spite ¢f the presence of an
oligosaccharide chain with high binding capacity for the same receptor (Lazzaring
and Gabel, 1880) .

As menticned above newly synthesized lysosomal enzymes are segregated
at the level of the TGN. Ligand-recepior complexes following the biosynthetic route
are clustered in clathrin-coated pits, that bud off and are transported to a prelyso-
somal compartment (see also section 1.2.3). The low pH of the latter causes disso-
cigtion of lysosomal proteins from their receptors, which can then recycle to the
TGN. Agents that raise intra(pre)lysosomal pH impair the dissociation of the
tigands from their receptors, which are in turn both recycled. In the absence of
unoccupied receptors newly synthesized lysosomal precursors cannot cluster into
coated pits and take a non-selective or default pathway, resulting in their enhanced
secretion. In the biosynthetic route the CI-MPR is more effective in targeting
lysosomal precursors. Evidence for this is the observation that overexpression of
muring CO-MPR in a murine cel! line, deficient in the CLMPR, nsver completely
restores the efficient sorting of lysosomal enzymes (Ma et al, 1991).
Overexpression of the CD-MPR in cells that normally express both types of
receptor actually enhances secretion of lysosomal proteins (Chao et af, 1990). An
explanaticn for this phenomenoen is that the CD-MPR releases its ligands too early,
i.e. in 2 compartment where secretion can still occur. These recent studies raise the
question whether the CD-MPR is also involved In receptor-medizated secretion of
lysosomal precursor proteins.

A receptor-mediated targeting 10 lysosomes takes place zlso at the plasma
membrane, where it is called endocytosis. Secreted lysosomal precursor proteins,
carrying the MEP recognition marker, can be taken up and delivered 10 the lyso-
some, About 10 % of the lysosomal enzymes are delivered via this endocytic route.
Surprisingly the CD-MPR is not involved in endocytosis even though it does reach
the plasma membrane (Stein et al, 1987). Probably at this site it can not efficiently
bind the ligand (Watanabe ef al, 1990).

Deletion mutagenesis of the CI-MPR has shown that the cytoplasmic tail
contains the refevant and distinct signals for targeting in the biosynthetic as well as
endocytic routes (Canfield et al, 1991; Lobel et af, 198%). The signal for endocyto-
$is is a general motif rather than a specific sequence. 1t consists of an aromatic side
chain {e.g. Tyr, but in the CI-MPR this residue can be repiaced by Phe), separated
from a bulky hydrophobic amine acid side chain by two aming acids, one of which
positively charged. This signal is present in primary structures of other transmem-
brane proteins (Canfield et al, 1991). Examples are the CD-MPR (Johnson et &,
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1990), the low density lipoprotein receptor, LDLR (Chen et af, 1990), h-LAMP-1
(Williams and Fukuda, 1880) and lysosomal acid phosphatase, LAP (Peters et al,
1990).

Remarkably, the CI-MPR was found to be identical to the insulin-like growth
factor Il receptor, IGFIR (Morgan et a/, 1987). Although the binding sites for lyseo-
somal proteins and IGFIl are located at different positions, these ligands compete
for a single receptor molecule. The biological significance of the dual function of
the receptor is not vet clear. Interestingly, chicken CI-MPR lacks affinity for IGFH
{Canfield and Komnfeld, 1989). It has been proposed that the Ci-MPR evolved iis
IGF-binding function to target the hormone for degradation before it ¢an transmit a
growth signal (e.g. Haig and Graham, 1981). However, there is also evidence that
the receptor is involved in sighal transduction through IGFH binding. In addition to
the M6P-dependent route other pathways for lysosomal enzyme targeting exist. A
well documented example of a protein that makes use of such an alternative
mechanism is LAP. This protein is synthesized as & membrane bound precursor
with a short cytoplasmic tail (Pohlmann et af, 1988; Waheed et af, 1988) and it is
fransported to the lysosome via the plasma membrane (Braun et &, 18389). Recy-
cling between plasma membrane and endosomes can occur before LAP ends up
in lysosomes. Also in this case the endocytic signal invokes an essential Tyr
residue in the cytoplasmic tail, but contrary to the CI-MPR in LAP this residue can-
not be replaced by Phe (Peters et af, 1990). In lysosomes LAP is converted {0 a
soluble form by the sequential action of & cytoplasmic thiol protease and a lysoso-
mal aspartyi protease {Gotischalk et al, 1289). Aside from LAP other enzymes uti-
lize a MBP-independent mechanism for lysosomal enzyme targeting. These in-
clude B—giucocerebrosidase (Aeris ef af, 1986; 1988) and the LAMPs (Kornfeld
and Mellman, 1989; Williams and Fukuda, 1890). Moreover, some tissues like liver,
or cultured cells like HepG2, have alternative systems for targeting lysosomal en-
zymes, even those that contain the M8P recognition marker (Rijnboutt et af, 1991).
In conclusion, while it is clear that the MBP soriing system is the most prevalent and
best characterized for lysosomal proteins, other routes aisc exist, which will pre-
sumably be better defined in the near future.

1.2.3. Selective vesicular transport

Protein transpert between compariments of the secretory route is carried out by
vesicles. Receptor-mediated endocytosis has contributed largely to the current un-
derstanding of the mechanisms of vesicular transport. The process is initiated by
the formation of clathrin networks underlying the plasma membrane. Clathrin, the
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name means “lattice-like” (Pearse, 1887), is a protein complex with a three-legged
structure {triskelion) that consists of three heavy and three light chains (for reviews
see Brodsky, 1988; Keen, 1980; Pearse, 1987). Of the latter two groups exist, LCa
and LCb, that can bind in any combination to the heavy chains (see review by
(Brodsky et al, 1991). Alternative splicing of mRNAs encoding the light chaing gives
rise o tissue speciiic forms ¢f LCa and LCb. Clathrin spontanecusly forms cage-
like structures in vitro. Clathrin networks induce the local invagination of the plasma
membrane, thereby seguestering clustered receptor-ligand complexes. The so-
formed “clathrin-coated” pit buds off and becomes a coated vesicle. Uncoating of
the vesicle commences soon after. The process requires ATP and is catalyzed by a
member of the hsp70 family, which is identical to the prp73 protein. Seiective,
clathrin-controlled transport operates not only in the endocytic route, but also in the
segregation of newly synthesized lysosomal proteins at the level of the TGN. Regu-
lated secretion through the formation of secretory vesicles requires clathrin as well,
whereas constitutive secretion does not (Orci et al, 1987).

A group of characteristic proteins, called “adaptins”, have been isciated that
link clathrin to receptor-ligand complexes, via the cytoplasmic tails of the receptors.
Adaptins are assembled into complexes called AP-1 and -2, or HAl and -l
(reviewed by Keen, 19390}, which premote coated pit and -vesicle formation. Within
the vesicles adaptins are located between the membrane and the clathrin-cage
(Vigers et af, 1986a; 1988b). AP-1 resides exclusively at the TGN, whereas AP-2 is
localized to the plasma membrane. The latter recognizes the aforementioned
“tyrosing signal” {Canfield et al, 1991) in the cytoplasmic tail of the CI-MPR
(Glickman et &/, 1988), whereas another determinant is important for coated pit
formation at the TGN (Lobel et a/, 1982). Both complexes contain proteins of 100-
115 kDa, ¢- and B-adaptin in AP-2, 8- and vadaptin in AP-1, and smalier proteins
of about 50 and 17 kDa. (see Keen, 1890).

1.2.4 Endosomes/ysosomes

After uncoating, an endocytic vesicle packed with receptor-ligand complexes or
empty receptors (e.g. CD-MPR) can fuse with a compartment at the periphery of the
cell, called the early endosome (reviewed by Gruenberg and Howell, 1989b). The
latter is a collection of vesicles with tubulovesicular extensions, that can fuse with
each other. Fusion requires cytosolic factors, among which are a ras-like GTP-
binding protein, rab5 (Gorvel et &/, 1991), and the N-ethyimaleimide (NEM)-sensi-
tive fusion protein, NSF (Diaz et a/, 1989). The slightly acidic pH of the endoscme
may cause release of certain ligands from their receptors. Recyciing receptors es-
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cape the degradative pathway, perhaps via the tubular extensions, whereas the
majerity of the ligands remains confined to the multivesicuiar main body of the en-
dosome and is subsequently fransported to late endosomes or prelysoscmes.
Early and iate endosomes are different entities. They can be distinguished by vari-
ous biochemical and morphological criteria (Schmid et af, 1988), and appear to
have differential need for microtubules {for review see Kelly, 1980). It is, however
not clear how transport between these compartments is organized. One model
states that late endosomes derive from early ones simply by maturation (Stoorvoget
et al, 1991). Another view assumes that they are preexisting companments that
communicate via vesicular traffic (Gruenberg of al, 198%a). A third model
envisages an interconnected network of early and late endosomes (Hopkins et &,
1990). Late endosomes are presumably the site where newly synthesized lys0s0-
mal enzymes arrive (reviewed by Kornfeld and Mellman, 198%). The pH is low
enough for dissociation of ligands from the CD/CI-MPR. The next step is the forma-
tion of a fully equipped lysosome. No recycling of ligands is pessible from the lyso-
some and its membrane is devoid of MPR (Griffiths ef af, 1988).

Many lyscsomal proteins have been shown to underge discrete proteolytic
processing, called “maturation”, prior to or upon arrival in lysosomes. Various func-
tions could rationalize this process. First of all, a precursor and not a maiure protein
may conain targeting information necessary to shuttie it 1o lysosomes (see chapter
2}. For some proteins maturation could simply be a consequence of the proteoiytic
environment of the lysosome, something that could apply for the enzyme f-hexe-
saminidase that is as active in its precursor form as in its mature state (Hasilik and
Neuteid, 1980a; 1980b). However, in the case of the protective protein/cathepsin A
proteolytic processing converts an inactive form {zymogen) to an active one (see
chapter 2). In this case maturation becomes a functional eveni and ensures the re-
lease of the peptidase activity only within the endosomal/lysosomal compartment.
Various functions may underly the maturation of cathepsins B, H, L. and D, which
occurs in several steps (for review see Erickson 19889). A first encoproteolytic event
causes the loss of a propeptide segment and is followed by further proteclytic pro-
cessing as well as N- and/or C-terminal amino acid trimming. Previously, it was
thought that the propeptide also served to prevent early proteoiytic activity. While
this may hold true intracellularly, it was recently found that secreted precursor forms
of these cathepsins are catalytically active under certain conditions (Erickson
1888). The function(s) of the further intralysosomal processing and trimming of
these cathepsins is not exactly known, but in the case of cathepsin D it might ren-
der the enzyme less stable (Horst and Hasilik, 1991). Therefore, another function of
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processing could indeed be to alter stability and/or conformation of lysosomal en-
zZymes.

1.2.5 Non-selective vesicular transport

Non-clathrin-coated vesicular transport, is a non-selective process dealing with
‘bulk” flow of proteins from ER to Golgi and between the different Golgi stacks
(reviewed by Hicke and Schekman, 1990; Rothman, 1891). Several steps in the
formation and fusion of non-clathrin-coated vesicles have been defined. Vesicle
budding is caialyzed by cytosolic factors, amond which is a complex, called the
“‘coatomer”, that consists of at least seven components (Waters ef af, 1991). One of
these is a 110 kDa pretein, B—COP, that is homologous to B-adaptin of the AP-2
complex, indicating that the molecular mechanisms involved in selective and non-
selective vesicle formation have some similar features (Duden et af, 1991; Serafini
et al, 1881). After budding the “coatomer” is removed in a reaction that requires a
ras-like GTP-binding protein. The vesicle then fuses with an acceptor membrane,
by means of the same factor, NSF, that is involved in fusion of early endosomes.
Fusion is inhibited by NEM and causes the accumulation of uncoated vesicles
(Malhotra et al, 1988). NSF has been purified from Chinese hamster ovary celils
(Block et af, 1988) and its corresponding cDNA cloned (Wilson ef af, 1983). Sur-
prisingly this factor is the mammalian homelogue of the yeast SEC18 gene product,
that is essential in cne of the early steps in the transport of secretory proteins
(Eakie et al, 1988). In fact the yeast sec18 protein can functionally substitute for the
mammalian NSF (Wilsen et &/, 1989). These data indicate that vesicle fusion is an
evolutionary conserved process that is controlled by distinet GTP-binding proteins
working in concert with NSF and other cytosoiic compenents (Bourne, 1988).

The buik flow of proteins from ER to Golgi in non-clathrin-coated vesicles is
also called “anterograde” transport. This process concomitantly depletes the ER
from a considerable amount of lipid. A counteracting mechanism was shown to
exist that could reguiate lipid flow and take care of the retrieval of ER resident pro-
teins from a post-ER comparntment. This “retrograde” transport system utilizes
microtubules and it can be visualized under conditicns that slow down anterograde
transport (Lippincott-Schwartz ef &/, 1989; 1980). Recent experiments indicate that
antero- and retro-grade transport systems might use a common set of components,
that catalyze (a) crucial step(s) In the advancement of both processes (Orci et &,
1891). If true the balance between the two transport systems would simply be regu-
lated by their competition for limiting factors.
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1.2 Lysosomal storage disorders

Previous sections described the role of lysosomes in degradative processes and
pathways along which lysosomal proteins are sorted. Faulty targsting or reduced
stability and/or activity of a lysosomal enzyme, due to a mutation in its gene, are
conceivable. This leads to a deficiency of such an enzyme, causing accumulation
in lysosomes of non-degradable substrates and eventually celiular dysfunction.
The [atter forms the basis of a lysosomal storage disorder. The concept was de-
veloped by Hers {1965), who was the first to discover a lysosomal enzyme defi-
ciency (acid a-glucesidase) in a disorder called glycogenosis type I, or Pompe
disease. Since this description over thirty lysosomal storage disorders have been
documented,which are commonly grouped according to the accumulated sub-
strate(s) (see Neufeid, 1891 for a recent review). The mede of inheritance of these
disorders is autosomal recessive, except for Fabry disease (x-galactosidase defi-
ciency) and Hunter syndrome (iduronate sulfatase deficiency), which are both X-
linked. Individual lysosomal storage disorders are generally very rare but within
defined isclated populations the incidence of a disease may be much higher. This
was for example the case in the Ashkenazi-Jewish and French-Canadian popula-
tions, where GMz-gangliosidosis (hexosaminidase A deficiency) frequently oc-
curred but voluntary carrier detection has almest eliminated the disorder in these
groups. The carrier frequency for a mutated hexosaminidase A aliele is estimated
10 be 1:3C within the first group (Petersen et af, 1983).

A characteristic feature of lysosomal storage diseases is that even within
one disorder patients may show widely variable clinical symptoms. Several at-
tempts have been made over the years to correlate clinical heterogeneity to bio-
chemical parameters. One model proposes a “critical threshoid” of residual lyso-
somal enzyme activity, above which the mutated enzyme can cope with incoming
substrate and postpone the most severg symptoms of a disease {(Conzelmann and
Sandhoff, 1983). The model demonstrates the imporiance of substrate influx in
addition to residual enzyme activity in the development of a disordar. More recently
the biochemical characterisation of lysosomal proteins has been facilitated and
extended by the isolation of their corresponding cDNAs, which has concomitantly
enabled the identification of different gene mutations involved in different variants
of a lysosomal storage disorder. The major conclusions that can be drawn from all
these studies carried out in many laboratories will be briefly summarized here.

It has been shown that many different mutations may underly a given lyso-
somal storage disorder, even within isolated populaticns such as the Ashkenazi-
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Jewish. In the latter group, however, enrichment of few mutated alleles was also
jound. Therefore, the clinical and biochemical heterogeneity detected in earlier
studies could in part be caused by genetic variability. From the data gathered on
the two most extensively studied lysosomal enzyme deficiencies, namely those of
B-hexcsaminidase and f—glucocerebrosidase, one can deduce that the majority of
the patients with a given lysosomal storage disorder will be compound heterozy-
gotes, i.e. they carry two different mutated alleles. The combination of both alleles
has to be considered in predictions of clinical outcome from genotype assesment.
Only in 2 few cases such a genotype-phenotype correlation couid be made. For
example, in Gaucher disease, which is caused by a deficiency of the lysosomal en-
zyme B-glucocerebrosidase, the “Asn370 to Ser” mutation has thus far only been
found in patients with the milder nen-neurologic form of the disease (Tsuji et &/,
1988). However, other data indicate that genotype-phenctype carrelations are not
always perfect. Homozygosity for the “Leud44 to Pro” B—glucocerebrosidase allele
in patients with Gaucher disease is normally associated with a severe neurono-
pathic form (Firon et al, 1980; Tsuji et al, 1387; Wigderson et af, 19889), but in pa-
tients of Japanese origin the same mutation is associated with the non-neurono-
pathic type (Masuno et a/, 1890).

Mutational analysis has further demonstrated that apparently similar protein
deficiencies can be caused by different gene mutations. For example lack of a
lysosomal protein in patients’ tissues can be the result of gene deletions, gene re-
arrangements, splicing errors, or otherwise unstable mRNA. Other mutations might
result in amino acid substitutions that cause improper folding of a lysosomal en-
zyme precursor, followed by its degradation in the ER. Only few mutations will
aliow residual functioning of a lysosomal protein, whereas the majority of
alterations will completaly inhibit enzymatic activity. Alleles giving rise to less
severe disease will, therefore, probably be limited. It remains to be determined
whether their presence in a population confers some kind of selective advantage to
heterozygotes.

The advent of technigues enabling genaotype assigment in a lysosomal sto-
rage disorder have added DNA based metheds, in addition {0 enzymatic detection,
to the field of prenatal diagnosis. Hopes for improved therapeutic methods for
treatment of this group of diseases in the near future have been raised now that
many cDNAs encoding lysosomal enzymes are available. Since this allows most
lysosomal proteins to be overproduced and purified using recombinant DNA tech-
nology the original idea of enzyme replacement therapy (Hers, 1965) has received
renewed interest. It is based on the fact that lyscsomal enzymes can be taken up by
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receptor-mediated endocytosis. In patients with a lysosomal sicrage disorder one
could envisage the administration of sufficient amounts of purified normal enzyme
that would be targeted to lysosomes and overcome the deficiency. A weekly infu-
gion with purified human placental B-glucocerebrosidase, modified for endocytosis
by macrophages, in a child with type | Gaucher disease demonstirated clinical im-
provement (Barton ef al, 1990). However, nothing is known yet about the long term
effects of these infusions. Therefore, the next stage of this therapeutic approach
should be the very careful examination whether the structure of recombinant en-
zymes permits a regular intake by patients.

Bone marrow transplantation and gene replacement are being mentioned
as other feasible therapeutic approaches. In both cases the target tissue is the
bone marrow that contains the hematopoietic stem cells. The idea is that once dif-
ferentiated and circulating these cells weould provide normal enzyme to deficient
cells through secretion or direct cell-io-cell contact. Bone marrow transplantation
has been carried out and biochemical and clinical benefit was shown in some pa-
tients (Krivit et al, 1990). For gene replacement the attention is focused on achie-
ving retrovirus-mediated integration of recombinant cDNA into hematopoietic pro-
genitor celis of the patient. Whatever the therapy, it is stiil the consensus that the
blood brain barrier can not be crossed by exogenous enzyme, therefore those pa-
tients with neurological symptoms may not be cured of their severe complaints.

Studies on any lyscsomal storage disorder and on the effect of a certain
therapeutic strategy for this disease would greatly benefit from the existence of
animalg, carrying a disease-producing mutation in the gene encoding the iysoso-
mal protein of inferest. However, such model systems of human disease have thus
far been limited to the rarely detected animals with & naturally cccurring lysosomal
storage disorder. As it is possible now to “knock out” a gene by homelogous re-
combination in (muring) embryonic stem cells (Thomas and Capecchi, 1987), or
even 1o insert 2 selected point mutation in the chosen gene of interest via the “hit
and run” procedure (Hasty et a/, 1931), more of these madel systems will become
available in the near future. It is obvious that this will be of great benefit {0 the un-
derstanding of the factors that undetly this heterogeneocus class of diseases.

35



1.4 References

Achstetter, T., Ehmann, C., Oszaki, A. and Wolf, D. H. (1984). “Proteolysis in eu-
karyotic cells. Proteinase yscE, a new yeast peptidase.” J Bio/ Chem 258,
13344-8.

Aerts, J. M., Brul, 8., Donker-Koopman, W. E., van Weely, S., Murray, G. J., Bar-
ranger, J. A., Tager, J. M. and Schram, A. W. (1986). “Efficient routing of gluco-
cerebrosidase to lysosomes requires complex oligosaccharide chain formation.”
Biochem Biophys Res Commun 141, 452-8.

Aeris, J. M., Schram, A. W., Strijland, A., van Weely, S., Jonsson, L. M., Tager, J. M.,
Sorrell, 8. H., Ginns, E. i, Barranger, J. A. and Murray, G. J. (1988).
“Glucocerebrosidase, a lysosomal enzyme that does not undergo oligosaccha-
ride phosphorylation.” Biochim Biophys Acta 964, 303-8.

Amara, J. F., Lederkremer, G. and Lodish, H. F. (1889). “Intracellular degradation of
unassembled asialoglycoprotein receptor subunits: a pre-Golgi, nonlysosomal
endoproteclytic cleavage.” J Cell Biol 109, 3315-24.

Amos, B. and Lotan, R. (1990). “Modulation of lyscsomal-associated membrane
glycoproteins during retinoic acid-induced embryonal carcinoma cell differentia-
tion.” J Biol Chem 265, 18192-8.

Andres, D. A., Dickerson, 1. M. and Dixon, J. E. {1990). “Variants of the carboxyi-
terminal KDEL sequence direct intracellular retention.” J Biof Chem 265, 5852-
5.

Aronson, N. J. and Kuranda, M. J. (1889). “Lysosomal degradation of Asn-linked
glycoproteing.” Faseb J 3, 2615-22.

Bachmair, A., Finley, D. and Varshavsky, A. (18886). “In vivo half-life of a protein is a
furiction of its amino-terminal residue.” Science 234, 179-86.

Bachmair, A. and Varshavsky, A. (1989). “The degradation signal in a shor-lived
protein.” Celf 56, 1019-32.

Ballard, F. J. {1987). Regulation of intracellular protein breakdown with special re-
ference to cultured cells. in Lysosomes: Their Role in Protein Breakdown. H.
Glaumann and F. J. Ballard eds. (London: Academic Press), pp 285-318.

Bapat, B., Ethier, M., Neote, K., Mahuran, D. and Gravel, R. A. (1988). “Cloning and

sequence analysis of a cDNA encoding the B-subunit of mcuse B-~hexo-
saminidase.” Febs Left 237, 181-5.

36



Baranski, T. J., Faust, P. L. and Kornfeld, S. (1920). “Generation of a lysosomal en-
zyme targeting signal in the secretory protein pepsinogen.” Celf 63, 281-91.

Barriocanal, J. G., Bonifacino, J. 8., Yuan, L. and Sandoval, |. V. (1986).
“Biosynthesis, glycosylation, movement through the Goligi system, and transport
to lysosomes by an N-linked carbohydrate-independent mechanism of three
lysosomal integral membrane proteins.” J Bio/ Chem 261, 16755-63.

Barton, N. W, Furbish, F. 8., Murray, G. J., Garfield, M. and Brady, R. O. {1930).
“Therapeutic response te intravenous infusions of glucocerebrosidase in a pa-
tient with Gaucher disease.” Proc Natl Acad Sci U/ S A 87, 1913-6.

Bishop, D. F., Calhoun, D. H., Bernstein, H. 5., Hantzopoulos, P., Quinn, M. and
Desnick, R. J. (1986). “Human «-galactosidase A: nucleotide sequence of a

¢DNA clone enceding the mature enzyme.” Proc Nati Acad Soi U S A 83, 4859-
63.

Blobe!, G. (1280). “Intracellular protein topogenesis.” Proc Natl Acad Sci U S A 77,
1496-500.

Block, M. R., Glick, B. S., Wilcox, C. A, Wieland, F. T. and Rothman, J. E. (1988).
“Purification of an N-ethyimaleimide-sensitive protein catalyzing vesicular trans-
port.” Proc Nat! Acad Sci U & A 85, 7852-6.

Bonifacing, J. 8., Cosson, P. and Klausner, R. D. (1990a). “Colocalized transmem-
brane determinants for ER degradation and subunit assembly explain the intra-
cellular fate of TCR chains.” Cell 63, 503-13.

Benifacino, J. 8., Suzuki, C. K. and Klausner, R. D. (1990b). “A peptide sequence
confers retention and rapid degradation in the endoplasmic reticulum.” Science
247, 79-82.

Booth, C. and Koch, G. L. {1889). “Perturbation of cellular calcium induces secre-
tion of luminal ER proteins.” Cell 59, 729-37.

Bourne, H. R. (1988). “Do GTPases direct membrane traffic in secretion?” Cell 53,
669-71.

Braun, M., Waheed, A. and von Figura, K. {1989). “Lysosomal acid phosphatase is
transported to lysosomes via the cell surface.” Embo J 8, 3633-40.

Brodsky, F. M. (1988). “Living with clathrin: its role in intracellular membrane traffic.”
Science 242, 1396-402.

37



Brodsky, F. M., Hill, 8. L., Acton, S. L, Nathke, |, Wong, D. H.,, Ponnambaiam, 8.
and Parham, P. (1891). “Clathrin Light Chains - Arrays of Protein Motifs That
Regulate Coated-Vesicle Dynamics.” Trends in Biochemical Sciences 16, 208-
213.

Canfield, W. M., Johnson, K. F., Ye, R. ., Gregory, W. ard Kornfeld, S. (1891).
“Localization of the signal for rapid internalization of the bovine cation-indepen-
dent mannose 6-phosphate/insulin-iike growth factor-li receptor to amino acids
24-29 of the cytoplasmic tail.” J Biol Chem 266, 5682-88.

Canfield, W. M. and Kornfeld, S. {1888). “The chicken liver cation-independent
mannose 6-phosphate receptor lacks the high affinity binding site for insulin-like
growth factor IL.” J Eiol Chem 264, 7100-3.

Chao, H. H., Waheed, A., Pohimann, R., Hille, A. and von Figura, K. {1990).
“Mannose 6-phosphate receptor dependent secretion of lysosomal enzymes.”
Embo J 9, 3507-13.

Chau, V., Tobias, J. W., Bachmair, A., Marriott, D., Ecker, D. J., Gonda, D. K. and
Varshavsky, A. (1288). “A multiubiguitin chain is confined o specific lysing in a
targeted short-lived protein.” Science 243, 1576-83.

Chen, W. J., Goldstein, J. L. and Brown, M. S. (1990). “NPXY, a sequence often
found in cytoplasmic tails, is required for coated pit-mediated internalization of
the low density lipoproiein receptor.” J Biof Chem 265, 3116-23.

Chiang, H. L. and Schekman, R. (1991). “Regulated import and degradation of a
cytosolic protein in the yeast vacuole.” Nature 350, 313-8.

Ciechanover, A. and Schwartz, A. L. (1988). “How are substrates recognized by the
ubigquitin-mediated proteclytic system?” Trends Biochem Sci 14, 483-8.

Collard, M. W., Sylvester, 8. R., Tsuruta, J. K. and Griswold, M. D. (1988).
“Biosynthesis and molecular clening of sulfated glycoprotein 1 secreted by rat
Sertoli cells: sequence similarity with the 70-kilodalton precurscr to sul-
fatide/GM1 activator.” Biochemistry 27, 4557-64.

Connolly, T. and Gilmore, R. (1889). “The signal recognition particle receptor me-
diates the GTP-dependent displacement of SRP from the signal seguence of the
nascent polypeptide.” Cell 57, 599-610.

Conzelmann, E. and Sandheff, K. (1983). “Partial enzyme deficiencies: residual

activities and the development of neurclogical disorders.” Dev Neurosci 6, 58-
71.

38



d'Amore, M. A, Gallagher, P. M., Korfhagen, T. R. and Ganschow, R. E. (1988).
“Complete sequence and organization of the murine B-glucuronidase gene.”
Biochemistry 27, 7131-40.

Diaz, R., Mayorga, L. S., Weidman, P. J., Rothman, J. E. and Stahl, P. D. (1988).
“Vesicle fusion following receptor-mediated endocytosis requires a protein ac-
tive in Golgi transport.” Nature 338, 398-400.

Dice, J. F. (1987). “Molecular determinants of protein half-lives in eukaryctic celis

[published erratum appears in FASEB J 1988 Apr:2(7):2262]).” Faseb J 1, 349-
57.

Dice, J. F. (1890). “Peptide sequences that target cylosolic proteins for lysosomal
proteclysis.” Trends Biochem Sci 15, 305-9.

Dong, J. M., Prence, E. M. and Sahagian, G. G. {1988). “Mechanism for selective
secretion of a lysosomal protease by transformed mouse fibroblasts.” J Biof
Chem 284, 7377-83.

Driscoll, J. and Goldberg, A. L. (1880). “The proteasome (multicatalytic protease) is
a component of the 1500-kDa proteolytic complex which degrades ubiquitin-
conjugated proteins.” J Biol Chem 265, 4789-92.

Duden, R., Griffiths, G., Frank, R., Argos, P. and Kreis, T. E. {1291). “B-COP, a 110
kd protein associated with non-clathrin-cozted vesicles and the Golgi complex,
shows homology to B-adaptin.” Celf 64, 649-65.

Dunn, W. J. (1220a). “Studies on the mechanisms of autophagy: formation of the
autophagic vacucle.” J Cell Biol 110, 1923-33.

Dunn, W. J. (1980b). “Studies on the mechanisms of autophagy: maturation of the
autophagic vacuole.” J Cell Biol 110, 1835-45.

Eakle, K. A, Bernstein, M. and Emr, S. D. (1988). “Characterization of a component

of the yeast secretion machinery: identification of the SEC18 gene product.” Mo/
Cell Biol 8, 4098-108.

Edman, J. C., Ellis, L., Blacher, R. W., Roth, R. A. and Rutter, W. J. (1985).
“Sequence of protein disuiphide isomerase and implications of its relationship to
thioredoxin.” Nature 317, 267-70.

Elbein, A. D. (1887). “Inhibitors of the biosynthesis and processing of N-linked
cligosaccharide chains.” Annu Rev Biochem 586, 497-534.

39



Ellis, R. J., van der Vies, 8. M. and Hemmingsen, S. M. (1888). “The molecular
chaperone concept.” Biochem Soc Symp 55, 145-53.

Ellis, R. J. and van der Vies, S. M. (1991). "Molecular Chaperones.” Annual Review
of Biocchemistry 80, 321-47.

Erickson, A, H. (193%). “Biosynthesis of lysosomal endopeptidases.” J Celf
Biochem 40, 31-41.

Fagan, J.\\M., Waxman, L. and Goldberg, A. L. (1986). “Red blood cells contain a
pathway for the degradation of oxidant-damaged hemoglobin that does not re-
quire ATP or ubiquitin.” J Biol Chem 261, 5705-13.

Fagan, J. M., Waxman, L. and Goldberg, A. L. {1987). “Skeletal muscle and liver
contain a soluble ATP + ubiquitin-dependent proteolvtic system.” Bicchem J
243, 335-43.

Faust, P. L. and Kornfeld, S. (1989). “Expression of the yeast aspartyl protease,
proteinase A. Phosphorylation and binding to the mannose 6-phosphate recep-
tor are altered by addition of cathepsin D sequences.” J Biof Chem 264, 479-
88.

Faust, P. L, Kornfeld, S. and Chirgwin, J. M. {1985). “Cloning and sequence ana-
tysis of cDNA for human cathepsin D.” Froc Nat! Acad Sci U S A 82, 4910-4.

Febbraio, M. and Silverstein, R. L. {1990). “Identification and characterization of
LAMP-1 as an activation-dependent platelet surface glycoprotein.” J Biof Chem
285, 18531-7.

Firon, N., Eyal, N., Kolodny, E. H. and Horowitz, M. {1880). “Genotype assignment
in Gaucher disease by selective amplification of the active glucocerebrosidase
gene.” Am J Hum Genet 46, 527-32.

Fischer, G. and Jatzkewitz, H. (1975). “The activator of cerebroside sulfatase. Pu-
tification from human liver and identification as protein.” Hoppe-Zeyler Z Physiol
Chem 356, 605-13.

Fisher, K. J. and Aronson, N. N. (1991). “Characterization of the mutation respon-
sible for aspartylglucosaminutia in three finnish patients - amino acid substitu-
tion Cys163->Ser abolishes the activity of lysosomal glycosylasparaginase and
its conversion into subunits.” Journal of Biological Chemistry 2886, 12105-
12113.

40



Freedman, R. B. (1989). “Protein disulfide isomerase: multiple roles in the modifi-
cation of nascent secretory proteins.” Cell 57, 1068-72.

Fujiwara, T., Tanaka, K., Orino, E., Yoshimura, T., Kumatori, A., Tamura, T., Chung,
C. H., Nakai, T., Yamaguchi, K., Shin, 5. and et, a. |. (1980). “Proteasomes are
essential for yeast proliferation. cDNA cloning and gene disruption of two major
subunits.” J Biol Chem 265, 16604-13.

Furst, W., Machleidt, W. and Sandhoff, K. (1988). “The precursor of sulfatide activa-

tor protein is processed to three different proteins.” Biof Chem Hoppe Seyler
368, 317-28.

Gahl, W. A, Bashan, N., Tietze, F., Bernardini, . and Schulman, J. D. {1882).
“Cystine transport is defective in isolated leucocyte lysosomes from patients with
cystinosis.” Science 217, 1263-65.

Geier, C., von Figura, K. and Pohlmann, R. (1889). “Structure of the human lysoso-
mal acid phosphatase gene.” Eur J Bicchem 183, 611-6.

Ghoda, L., van Daalen-Wetters, 7., Macrae, M., Ascherman, D. and Coffino, P.
(1989). “Prevention of rapid intracellular degradation of CDC by a carboxyl-ter-
minal fruncation.” Science 243, 1493-5.

Gilmore, R. and Blobel, G. (1883). “Transient involvement of signal recognition par-
ticle and its receptor in the microsomal membrane prior to protein translocation.”
Cell 35, 677-85.

Gilmore, R. and Blobel, G. (1985). “Translocation of secretory proteins across the
microsomal membrane occurs through an environment accessible to aqueous
perturbants.” Cell 42, 497-505.

Gilmore, R., Walter, P. and Blobel, G. (1982a). “Protein translocation accross the
endoplasmic reticulum . Detection in the microsomal membrane of a recepter for
the signal recognition particle.” J Calf Biol 95, 453-69.

Gilmore, R., Walter, P. and Blobel, G. (1982b). “Protein translocation across the en-
doplasmic reticulum. Ii. Isolation and characterization of the signal recognition
particle receptor.” J Cell Biol 85, 470-77.

Glickman, J. N., Conibear, E. and Pearse, 8, M. (1989). “Specificity of binding of
clathrin adaptors to signals on the mannose-6-phosphatefinsulin-like growth
factor Il receptor.” Embo J 8, 1041-7.

Gorvel, J. P., Chavrier, P., Zerial, M. and Gruenberg, J. (1891}, “rab5 Controls Early
Endosome Fusion invitro.” Cell 64, 915-925.

41



Gottschalk, S., Waheed, A, Schmidi, B., Laidler, P. and von Figura, K. (1989).
“Sequential processing of lysosomal acid phosphatase by a cytoplasmic thiol
proteinase and a lyscsomal aspartyl proteinase.” Embo J 8, 3215-9.

Graham, T. R., Zassenhaus, H. P. and Kaplan, A. (1288). “Molecular cloning of the
cDNA which encodes B-N-acetylhexosaminidase A from Dictyostelium dis-

coideum. Complete amino acid sequence and homelegy with the human en-
zyme.” J Biol Chern 263, 16823-9.

Granger, B., Green, S. A, Gabel, C. A, Howe, C. L., Mellman, i. and Helenius, A.
(1990). “Characterization and cloning of lgp110, a lysosomal membrane glyco-
protein from mouse and rat cells.” J Biof Chem 285, 12036-43.

Griffiths, G., Hoflack, B., Simons, K., Mellman, |. and Kornfeld, S. {1988). “The man-
nose 6-phosphate receptor and the biogenesis of lysosomes.” Cell 52, 329-41,

Griffiths, G. and Simons, K. (1986). “The trans Golgi network: sorting at the exit site
of the Goigl complex.” Science 234, 438-43.

Gronostajski, R. M., Pardee, A. B. and Goldberg, A. L. (1885). “The ATP depen-
dence of the degradation of short- and long-lived proteins in growing fibro-
blasts.” J Biol Chem 260, 3344-9.

Gropper, R., Brandt, R. A,, Elias, S., Bearer, C. F., Mayer, A, Schwartz, A. L. and
Ciechanover, A. (1891). “The Ubiquitin-Activating Enzyme, E1, Is Required for
Stress- Induced Lysosomal Degradation of Cellular Proteins.” Journal of Biolog-
ical Chemistry 266, 3602-3610.

Gruenberg, J., Griffiths, G. and Howell, K. E. (1989z). “Characterization of the early
endosome and putative endocytic carrier vesicles in vivo and with an assay of
vesicle fusion in vitro." J Cell Biol 108, 1301-16.

Gruenberg, J. and Howeil, K. E. (1988b). “Membrane fraffic in endocytosis: insights
from cell-free assays.” Annu Rev Cell Biol 5, 453-81.

Haas, 1. G. and Wabl, M. (1983). “immuncglobulin heavy chain binding protein.”
Nature 306, 387-8.

Hzig, D. and Graham, C. (1991). “Genomic imprinting and the strange case of the
insulin-like growth factor Il receptor.” Celf 64, 1045-6.

Hasilix, A. and Neufeld, E. F. (1980a). “Biosynthesis of iysosomal enzymes in fi-
broblasts. Phosphorylation of mannose residues.” J Biol Chem 255, 4946-50.

42



Hasilik, A. and Neufeld, E. F. (1980b). “Biosynthesis of lyscsomal enzymes in fi-
broblasts. Synthesis as precursors of higher molecular weight.” J Biol Chem
255, 4937-45.

Hasty, P., Ramirez, 8. R., Krumlauf, R. and Bradiey, A. (1921). “Introduction of a
subtle mutation into the Hox-2.6 locus in embryonic stem cells.” Nature 350,
2436,

Heinemeyer, W., Kleinschmidt, J. A., Saidowsky, J., Escher, C. and Wolf, D. H.
(1991). “Proteinase YscE, the yeast proteasome/multicatalytic-muttifunctional
proteinase: mutants unravel its function in stress induced proteolysis and un-
cover its necessity for cell survival.” EMBO J 10, 555-562.

Hers, H. G. (1885). “Inborn lysosemal diseases.” Gastroenterology 48, 625-33.

Hicke, L. and Schekman, R. (1980). “Molecular machinery required for protein

transport from the endoplasmic reticulum to the Golgi complex.” Bicessays 12,
253-8. :

Ho, M. W. and O'Brien, J. 8. (1871). “Gaucher’s disease: deficiency cf ‘acid’ B-glu-
cosidase and reconstitution of enzyme activity in vitre.” Proc Nat! Acad Sei USA
68, 2810-13.

Hoefsloot, L. H., Hoogeveen-Westerveld, M., Kroos, M. A., van Beeumen, J,
Reuser, A. J. and Ogcstra, B. A. (1888). “Primary structure and processing of lyso-
somal a-glucosidase; homology with the intestinal sucrase-isomaliase complex.”
Embo J 7, 1887-704.

Hoflack, B. and Kornfeld, 8. (1985). “Purification and characterization of a cation-
dependent mannose &-phosphate receptor from murine P388D1 macrophages
and bovine liver.” J Biol Chem 260, 12008-14.

Holtschmidt, H., Sandhoff, K., Kwon, H. Y., Harzer, K., Nakano, T. and Suzuki, K.
(1991). “Sulfatide activator protein - alternative splicing that generates three
messenger RNAs and a newly found muiation responsible for a clinical
disease.” Journal of Biclogical Chemistry 266, 7556-7560.

Hopkins, C. R., Gibson, A., Shipman, M. and Miller, K. (1920). “Movement of inter-
nalized ligand-receptor complexes along a continucus endosomal reticulum.”
Nature 346, 335-9.

Horst, M. and Hagilik, A. (1991). “Expression and maturation of human cathepsin-D
in baby- hamster kidney cells.” Biochemical Journal 273, 355-361.

43



Hough, R., Pratt, G. and Rechsteiner, M. (1987). “Purification of two high molecular
weight proteases from rabbit reticulocyte lysate.” J Biol Chem 262, 8303-13.

Hurtley, 8. M. and Helenius, A. (1989). “Protein oligomerization in the endoplasmic
reticulum.” Annu Rev Celf Biol 5, 277-307.

Idriss, J.-M. and Jonas, A. J. (1991). “Vitamin B12 transport by rat liver iysosomal
membrang vesicles.” J Biol Chem 266, 9438-41.

Jackson, M. R., Nilsson, T. and Peterson, P. A. (1990}. “identification of a consen-
sus motif for retention of transmembrane proteins in the endoplasmic reticulum.”
Embo J 9, 3153-62.

Jentsch, 8., Seufert, W. and Hauser, H. P. (1991). “Genetic Analysis of the Ubiquitin
System.” Biochimica et Biophysica Acta 1089, 127-139.

Jentsch, S., Seufert, W., Sommer, T. and Reins, H. A, (19920). “Ubiquitin-conjugating
enzymes: novel regulators of eukaryotic cells.” Trends Biochem Sci 15, 195-8.

Johnson, K. F., Chan, W. and Kornfeld, S. {1990). “Cation-dependent mannose 6-
phosphate receptor contains two internalization signals in its cytoplasmic do-
main [published erratum appears in Proc Nail Acad Sci U S A 1991 Feb
15;88(4):1591].” Proc Natl Acad Sci U S A 87, 10010-4.

Kaplan, A., Acord, D. T. and Sly, W. S, (1877). “Phosphohexosyi components of a
lysosomal enzyme are recognized by pinocytosis receptors on human fibro-
blasts.” Proc Natl Acad Sci USA 74, 2026-30.

Keen, J. H. (1980). “Clathrin and associated assembly and disassembly proteins.”
Annu Rev Biochern 58, 415-38.

Kelly, R. B. {1980). “Microtubules, membrane traffic, and cell organization.” Cell
61, 5-7.

Kirschke, H. and Barrett, A. J. {1987). Chemistry of lysosomal proteases. in Lyso-
somes: Their Role in Protein Breakdown. H. Glaumann and F. J. Ballard eds.
(London: Academic Press), pp 193-238.

Klausner, R. D. and Sitia, R. {1980). “Protein degradation in the endoplasmic
reticulum.” Celf 82, 611-4.

Klionsky, D. J., Herman, P. K. and Emr, S. D. (1990). “The fungai vacuole: composi-
tion, function, and bicgenesis.” Microbiol Rev 54, 268-92.

44



Koch, G. L. (1987). “Reticuloplasmins: 2 novel group of proteins in the endoplasmic
reticulum [editorial]l.” J Cell Sci 87, 491-2.

Koch, G. L. {(1990). “The endoplasmic reticulum and calcium storage.” Bioessays
12, 527-31.

Korneluk, R. G., Mahuran, D. J., Neote, K., Klavins, M. H., O’'Dowd, B. F., Tropak,
M., Willard, H. F., Anderson, M. J., Lowden, J. A. and Gravel, R. A, (1888).
“Isolation of cDNA clones coding for the «-subunit of human B-hexosaminidase.
Extensive homoiogy between the «- and B-subunits and studies on Tay-Sachs
disease.” J Biol Chem 261, 8407-13.

Kornfeld, R. and Komnfeld, S. (1985). “Assembly of asparagine-linked oligosaccha-
rides.” Annu Rev Biochem 54, 631-64.

Komfeld, S. and Meliman, 1. (1889). “The biogenesis of lysosomes.” Annu Rev Celf
Biof 5, 483-525.

Kornreich, R., Desnick, R. J. and Bishop, D. F. (1988). “Nuclectide sequence of the
human c-galactosidase A gene.” Nucleic Acids Res 17, 3301-2.

Kreysing, J., von Figura, K. and Gieselmann, V. (1890). “Structure of the arylsuifa-
tase A gene.” Eur J Biochem 191, 627-31.

Krivit, W., Shapiro, E., Kennedy, W, Lipton, M., Lockman, L., Smith, 8., Summers,
C. G., Wenger, D. A, Tsaj, M. Y., Ramsay, N. K. and et, a. [. (1890). “Treatment of
late infantile metachromatic leukodystrophy by bone marrow transplantation.” N
Engl J Med 322, 28-32.

Kuranda, M. J. and Aronson, J., N. N. {(1987). Receptor-mediated endocviosis and
lysosoam| degradation of asialoglyccproteins by the liver. In Lysosomes: Their
Role in Protein Breakdown. H. Glaumann and F. J. Ballard eds. {London: Aca-
demic Press), pp 241-82.

Landry, S. J. and Gierasch, L. M. (1891). “Recognition of nascent polypeptides for
targeting and folding.” Trends Biochem Sci 16, 159-63.

Lau, M. M. and Neufeld, E. F. (1289). “A frameshift mutation in a patient with Tay-
Sachs disease causes premature termination and defective intracellular trans-
port of the e-subunit of B-hexosaminidase.” J Biol Chem 264, 21376-80.

Lazzarino, D. A. and Gabel, C. A. (1988). “Biosynthesis of the mannose 6-phos-

phate recognition marker in transport-impaired mouse lymphoma celis. Demon-
stration of & two-step phosphorylation.” J Biol Chem 263, 10118-26.

45



Lazzarino, D. A. and Gabel, C. A. (1890). “Protein determinants impair recognition
of procathepsin L phosphorylated oligosaccharides by the cation-independent
mannose 6-phosphate recepior.” J Biol Cherm 265, 11864-71.

Lederkremer, G. Z. and Lodish, H. F. (1991). “An aiternatively spliced miniexon
alters the subcellular fate of the human asialoglycoprotein receptor H2 subunit.
Endoplasmic reticulum retention and degradation or cell surface expression.” J
Biol Chem 288, 1237-44.

Lemons, R. M. and Thoene, J. G. {1991). “Mediated calcium iransport by isclated
human fibroblasts lysosomes.” J Biof Chem 266, 14378-82.

Lewis, M. J. and Pelham, H. K. (1930a). “A human homologue of the yeast HDEL
receptor.” Nature 348, 162-3.

Lewis, M. J., Sweet, D. J. and Pelham, H. R. {1920b). “The ERD2 gene determines
the specificity of the luminal ER prolein retention system.” Cell 61, 1359-63.

Li, 8. C. and L, Y. T. (1976). “An activator stimulating the enzymic hydrolysis of
sphingoglycolipids.” J Biol Chem 251, 1159-63.

Lippincott-Schwartz, J., Bonifacino, J. S., Yuan, L. C. and Klausner, R. B. (1888).
“Degradation from the endoplasmic reticulum: disposing of newly synthesized
proteins.” Cell 54, 209-20.

Lippincott-Schwartz, J., Donaldson, J. G., Schweizer, A, Berger, E. G., Haur, H. P,
Yuan, L. C. and Klausner, R. D. {1880). “Microtubule-dependent retrograde
transport of proteins into the ER in the presence of brefeldin A suggests an ER
recycling pathway.” Cell 60, 821-36.

Lippincott-Schwartz, J., Yuan, L. C., Bonifacino, J. S. and Klausner, R. D. (1989).
“Rapid redistribution of Golgi proteins into the ER in cells treated with brefeldin
A: evidence for membrane cycling from Golgi to ER." Cell 56, 801-13.

Lobel, P., Fujimcto, K., Ye, R. D., Griffiths, G. and Kornfeld, S. (1989). “Mutaticns in
the cytoplasmic domain of the 275 kd mannose 6-phosphate receptor differen-
tially alter lysosomal enzyme sorting and endocytosis.” Celf 57, 787-96.

Ma, Z., Grubb, J. H. and Sly, W. S. (1991). “Cloning, sequencing and functional

characterization of the murine 46-kDa mannose 6-phosphate receptor.” J Biof
Chem 2866, 10589-85.

48



Malhotra, V., Orgi, L., Glick, B. 8., Block, M. R. and Rothman, J. E. (1988). “Rcle of
an N-ethvimaleimide-sensitive transport component in promoting fusion of
transport vesicles with cisternae of the Golgi stack.” Celf 54, 221-7.

Mancini, G. M. S., Beerens, C. E. M. T. and Verheijen, F. W. (1880). “Glucose trans-
port in lysosomal membrane vesicles. Kingtic demonstration of a carrier for neu-
tral hexoses.” J Biol Chem 2865, 12380-87.

Mancini, G. M. S., de Jonge, H. R., Gzaljaard, H. and Verheijen, F. W. (1982),
“Characterization of a proton-driven carrier for sialic acid in the lysosomal mem-
brane.” J Biol Chem 264, 15247-54.

Marzella, L. and Glaumann, H. (1987). Autophagy, microautophagy and
crinophagy as mechanisms for protein degradation. in Lysposomes: Their Role in
Frotein Breakdown. H. Glaumann and F. J. Ballard eds. (London: Academic
Press}, pp 319-67.

Masuno, M., Toematsuy, 8., Sukegawa, K. and Orii, T. (1990). “Non-existence of a
tight association between a 444leucine to proline mutation and phenotypes of
Gaucher disease: high frequency of a Ncil polymerphism in the non-neurong-
pathic form.” Hum Genet 84, 203-6.

Meier, E. M., Schwarzmann, G., Furst, W. and Sandhoff, K. {1881). “The Human
GM2 Activator Protein - A Substrate Specific Cofactor of B-Hexosaminidase-A."
Journal of Biclogical Chemistry 268, 1879-1887.

Mevyer, D. 1, Krause, E. and Dobberstein, B. {1982). “Secretory protein translocation
across membranes-the role of the ‘docking protein’.” Nature 297, 647-50.

Miller, R. ., Hoffmann, J. W., Powell, P. P, Kyle, J. W,, Shipley, J. M., Bachinsky, D.
R. and Sly, W. 8. (1990). “Ctoning and characterization of the human B-glu-
curonidase gene.” Genomics 7, 2680-3.

Morgan, D. Q., Edman, J. C., Standring, D. N., Fried, V. A., Smith, M. C., Roth, R. A,
and Rutter, W. J. (1887). “Insulin-like growth factor i recepter as a multifuncticnal
binding protein [published erraium appears in Nature 1988 Jul;20(7):442].” Na-
ture 329, 301-7,

Morreau, H., Galjart, N. J., Gillemans, N., Willemsen, R., van der Horst, G. T. J. and
d'Azzo, A. (1988). “Alternative splicing of B-galactesidase mRNA generates the
classic lysosomal enzyme and a B-galactosidase-related protein.” J Biol Chemn
284, 20655-63.

47



Mortimore, G. E. (1887). Mechanism and regulation of induced and basal protein
degradation in liver. In Lysosomes: Their Role in Protein Breakdown. H. Glau-
mann and F. J. Ballard eds. {London: Academic Press), pp 415-43.

Mortimore, G. E. and Khurana, K. K. {1990). “Regulation of protein degradation in
the liver.” Int J Biochem 22, 1075-80.

Munro, S. and Pelham, H. R. {1288). “An Hsp70-like protein in the ER: identity with
the 78 kd glucose-regulated protein and immunoglobulin heavy chain binding
protein.” Cell 46, 281-300.

Munro, S. and Pelham, H. R. (1987). “A C-terminal signal prevents secretion of lu-
minal ER proieins.” Cell 48, 899-907.

Myerowitz, R., Piekarz, R., Neufeld, E. F., Shows, T. B. and Suzuki, K. (1985},
“Human B-hexosaminidase a-~chain: coding sequence and homology with the B-
chain.” Proc Nafl Acad Sci U S A 82, 7830-4.

Nakano, T., Sandhoff, K., Stumper, J., Christomanou, H. and Suzuki, K. (1289).
“Structure of full-length cONA coding for sulfatide activator, a Co-f-glucosidase
and two other homologous proteins: two alternate forms of the sulfatide activa-
tor.” J Biochem (Tokyo) 105, 152-4.

Neote, K., Bapat, B., Dumbrille, R. A, Troxel, C., Schuster, S. M., Mahuran, D. J. and
Gravel, R. A. (1888). “Characterization of the human HEXB gene encoding
lysosomal B-hexosaminidase.” Genomics 3, 279-86.

Neufeld, £. F. (1991). “Lysosomal Storage Diseases.” Annual Review of Bioche-
mistry €0, 257-80.

Nguyen, 7. H., Law, D. T. and Williams, D. B. (1891). “Binding protein BiP is re-
quired for translocation of secretory proteins into the endoplasmic reticulum in
Saccharomyces cerevisiae.” Proc Natl Acad Sci U S A 88, 1565-9.

Nicchitta, C. V., Migliaccio, G. and Blobel, G. {1891). “Biochemical fractionation and
assembly of the membrane compongnts that mediate nascent chain targeting
and translocation.” Cell 65, 587-98.

Nilsson, T., Jackson, M. and Peterson, P. A. (1889). “Short cytoplasmic sequences
serve as retention signals for transmembrane proteins in the endoplasmic reticu-
fum.” CeJl 58, 707-18.

48



Nishimura, Y., Rosenfeld, M. G., Kraibich, G., Gubler, U., Sabatini, D. D., Adesnik,
M. and Andy, R. (1986). “Nucieotide sequence of rat preputial gland B-glu-
curanidase cDNA and in vitro insertion of its encoded polypeptide into microso-
mal membranes.” Proc Nat! Acad Sci U S A 83, 7292-8,

O'Brien, J. S., Kretz, K. A, Dewji, N., Wenger, D. A., Esch, F. and Fluharty, A. L.
(1988). “Coding of two sphingoelipid activator proteins (SAP-1 and SAP-2) by
same genetic locus.” Science 241, 1088-101.

Ohkuma, S. {1987}. The lysosomal proton pump and its effect on protein break-
down. In Lysosomes: Their Role in Protein Breakdown. H. Glaumann and F. J.
Ballard eds. (London: Academic Press), pp 115-48.

Orci, L., Ravazzola, M., Amherdt, M., Perrelet, A., Powell, S. K., Quinn, D. L. and
Moore, H. P. (1987). “The trans-most cisternae of the Golgi complex: a compart-
ment for sorting of secretory and plasma membrane proteins.” Cefl 51, 1039-51.

Crci, L., Tagaya, M., Amherdt, M., Perrelet, A., Deonaldson, J. G., Lippincott-
Schwartz, J., Klausner, R. D. and Rothman, J. E. {1991). “Brefeldin A, a drug that
blocks secretion, prevents the assembly of non-clathrin-coated buds on Golgi
cisternze.” Cell 64, 1183-95.

Oshima, A., Kyle, J. W., Miller, R. D., Hoffmann, J. W., Poweil, P. P., Grubb, J. H.,
Sly, W. S, Tropak, M., Guise, K. 8. and Gravel, R. A. {1887). “Cloning, sequen-
cing, and expression of cDNA for human B-glucuronidase.” Proc Natl Acad Sci U
S A 84, 685-9.

Pazbo, S., Bhat, B. M., Wold, W. 8. and Peterson, P. A, (1987). “A short sequence
in the COOH-terminus makes an adenovirus membrane giycoprotein a resident
of the endoplasmic reticulum.” Cell 50, 311-7.

Paulson, J. C. and Colley, K. J. {1989). “Glycosyltransferases. Structure, localiza-
tion, and control of cell type-specific glycosylation.” J Biol Chem 264, 17615-8.

Pearse, B. M. (1887). “Clathrin and coated vesicles." Embo J 6, 2507-12.

Pelham, M. R. (1989). “Control of protein exit from the endoplasmic reticulum.”
Annu Rev Cell Biol 5, 1-24.

Pelham, H. R., Hardwick, K. G. and Lewis, M. J. (1888). “Sorting of soluble ER pro-
teins in yeast.” Embo J 7, 1757-682.

43



Peters, C., Braun, M., Weber, B., Wendland, M., Schmigdt, B., Pohlmann, R., Wa-
heed, A. and von Figurg, K. (1990). “Targeting of a lysosomal membrane protein:
a tyrosine-containing endocytosis signal in the cytoplasmic tail of lysosomal acid
phosphatase is necessary and sufficient for targeting to lysosomes.” Embo J §,
3487-508.

Peters, C., Geier, C., Pchimann, R., Waheed, A., von Figura, K., Roiko, K.,
Virkkunen, P., Henttu, P. and Vihko, P. (1988). “High degree of homology be-
tween primary structure of human lysosomal acid phosphatase and human pro-
static acid phosphatase.” Biol Chem Hoppe Seyler 370, 177-81.

Peters, ., Schmidt, B., Rommerskirch, W., Rupp, K., Zuhlsdorf, M., Vingron, M.,
Meyer, H. E., Pohimann, R. and von Figura, K. {1980). “Phylogenetic conserva-
tion of arylsuifatases. cDNA cloning and expression of human arylsuifatase B." J
Biol Chem 2865, 3374-81.

Petersen, G. M., Rotter, J. ., Cantor, R. M., Field, L. L., Greenwald, S., Lim, J. 8. T.,
Roy, C., Schoenfeid, V., Lowden, J. A. and Kaback, M. M. (1983). “The Tay-
Sachs disease gene in North American Jewish populations: geographic varia-
tion and origin.” Am J Hum Genet 35, 1258-89.

Pisoni, R. L. (1991). “Characterization of a Phosphate Transport System in Human
Fibreblast Lysosomes.” Journal of Biological Chemistry 286, 979-985.

Pohimann, R., Krentler, C., Schmidt, B., Schroder, W., Lorkowski, G., Culley, J.,
Mersmann, G., Geier, C., Waheed, A., Gottschalk, S., Grzeschik, K.-H., Hasilik,
A. and von Figura, K. (1988). "Human lyscsomal acid phogphatase: cloning, ex-
pression and chromosomal assignment.” Embo J 7, 2343-50.

Powell, P. P., Kyle, J. W., Miler, R. D, Pantano, J., Grubb, J. H. and Sly, W. 8.
(1988). “Rat liver B-glucuronidase. cDNA cloning, sequence comparisons and
expression of a chimeric protein in COS cells.” Biochem J 250, 547-55.

Proia, R. L. (1988). “Gene encoding the human B-hexosaminidase B-chain: exten-

sive homology of intron placement in the ¢ and B-chain genes.” Proc Natl Acad
Sci U S A 85, 1883-7.

Proia, R. L. and Soravia, E. (1887). “Organization of the gene encoding the human

B-hexosaminidase a-chain [published erratum appears in J Biol Chem 1987
Nov 5;262(31):15322].” J Biol Chem 262, 5677-81.

50



Quintern, L. E., Schuchman, E. H., Levran, O., Suchi, M., Ferlinz, K., Reinke, H.,
Sandhoff, K. and Desnick, R. J. (1988). “Isolation of cDNA clones encoding hu-

man acid sphingomyelinase: occurrence of alternatively processed transcripts.”
Embo J 8, 2469-73.

Rechsteiner, M. (1887). “Ubiguitin-mediated pathways for intraceliular proteclysis.”
Annu Rav Cell Biol 3, 1-30

Reiner, O., Wigderson, M. and Horowitz, M. (1388). “Structural analysis of the hu-
man glucocerabrosidase genes.” DNA 2, 107-16.

Rijnboutt, S., Aerts, H. M., Geuze, H. J., Tager, J. M. and Strous, G. J. (1991).
“Mannose 6-phosphate-independent membrane association of cathepsin D,
glucocerebrosidase, and sphingolipid-activating protein in HepG2 cells.” J Biof
Chem 2686, 4862-8.

Ritonja, A., Colic, A., Dolenc, I, Ogrinc, T., Podobnik, M. and Turk, V. {(1991). “The
Complete Amino Acid Sequence of Bovine Cathepsin-S and a Partial Sequence
of Bovine Cathepsin-L.” Febs Letters 283, 328-331.

Rivett, A. J. {1989a). “High molecular mass intracellular proteases.” Biochem J
263, 625-33.

Rivett, A. J. (1988b). “The muliicatalytic proteinase of mammalian cells.” Arch
Biochem Biophys 288, 1-8.

Rivett, A. J. (1990). “Intraceliular protein degradation.” Essays Biochem 25, 39-81.

Robertson, D. A., Freeman, C., Nelson, P. V., Morris, C. P. and Hopwood, J. J.
(1988). “Human glucosamine-6-sulfatase cDNA reveais homology with steroid
sulfatase.” Bicchem Biophys Res Commun 157, 218-24.

Rochefort, H., Capony, F., Garcia, M., Cavallles, V., Freiss, G., Chamben, M., Moris-
set, M. and Vignon, F. (1987). “Estrogen-induced lysosomal proteases secreted
by breast cancer cells: a role in carcinogenesis?” J Cefl Biochem 35, 17-29.

Rogers, 8., Wells, R. and Rechsteiner, M. (1986). “Amino acid sequences common
to rapidly degraded proteins: the PEST hypothesis.” Science 234, 364-8.

Rogers, 5. W. and Rechsteiner, M. (1988a). “Degradation of structurally charac-

terized proteins injecied into Hela cells, Basic measurements.” J Biol Chem
263, 18833-42.

51



Rogers, S. W. and Rechsteiner, M. (1988b). “Degradation of structurally charac-
terized proteins injected into Hel.a cells. Effects of intracellular location and the
involvement of lysosomas.” J Biol Chem 263, 19843-8.

Rogers, S. W. and Rechsteiner, M. (1988c). “Degradation of structurally charac-
terized proteins injected into Hela cells. Tests of hypotheses.” J Bicl Chem
263, 18850-62.

Rothman, J. E. (1989). “Polypeptide chain binding proteins: catalysts of protein
folding and related processes in cells.” Celf 59, 591-601.

Rethman, J. E. (1951). “Enzymclogy of intracellular membrane fusion.” Klin
Wochenschr 68, 98-104.

Sahagian, G. G., Distier, J. and Jourdian, G. W. (1'981 }. “Characterization of a
membrane-associated receptor from bovine liver that binds phosphomannosyl
residues of bovine testicular B-galactosidase.” Proc Nat/ Acad Sci U § A 78,
4289-93.

San Segundo, B., Chan, S. J. and Steiner, D. F. (1988). “Differences in cathepsin B
mRNA levels In rat tissues suggest specialized functions.” Febs Lett 201, 251-6.

Savitz, A. J. and Meyer, D. I. (1990). “Identification of a ribosome receptor in the
reugh endoplasmic reticulum.” Nature 346, 540-4.

Schauer, R. (1885). “Slalic acids and their role as biological masks.” Trends
Biochem Sci 10, 357-60.

Schmid, 8. L., Fuchs, R., Male, P. and Meliman, I. (1888). “Two distinct subpopula-
tions of endosomes involved in membrane recycling and transport to lyso-
somes.” Cell 52, 73-83.

Schuchman, E. H., Jackson, C. E. and Desnick, R. J. (1990). “Human arylsulfatase
B: MOPAC cloning, nucleotide sequence of a full-length ¢DNA, and regions of
amine acid identity with arylsulfatases A and C.” Genomics 8, 149-58.

Schuchman, E. H., Suchi, M., Takahashi, T., Sandhoff, K. and Desnick, R. J. (1981).
“Human acid sphingomyelinase. Isolation, nucleotide sequence and expression
of the full-length and alternatively spliced cDNAs.” J Biol Chem 268, 8531-9.

Semenza, J. C., Hardwick, K. G., Dean, N. and Pelham, H. R. (1920). “ERD2, a

yeast gene required for the receptor-mediated retrieval of luminal ER proteins
from the secretory pathway.” Celf 61, 1348-57.

52



Serafini, 7., Stenbeck, G., Brecht, A., Lottspeich, F., Orci, L., Rothman, J. E. and
Wieland, F. T. (1991). “A coat subunit of Golgi-derived non-clathrin-coated vesi-
cles with homology to the clathrin-coated vesicle coat protein B-adaptin.” Nature
349, 215-20.

Simon, S. M. and Blobel, G. (1881). “A protein-conducting channel in the endo-
plasmic reticulum.” Celf 65, 371-80.

Sitia, R., Neuberger, M., Alberini, C., Bet, P., Fra, A., Valetti, C., Williams, G. and
Milstein, C. {1980). “Developmental regulation of IgM secretion: the role of the
carboxy-terminal cysteine.” Cell 63, 781-90.

Sloane, B. F., Rozhin, J., Hatfield, J. 8., Crigssman, J. D. and Honn, K. V. (1387).
“Plasma membrane-associated cysteine proteinases in human and animal tu-
mors.” Exp Cell Biol 55, 209-24.

Stein, C., Gieselmann, V., Kreysing, J., Schmidt, B., Pohimann, R., Waheed, A.,
Meyer, H. E., O'Brien, J. S. and von Figura, K. {1989a). “Cloning and expression
of human arylsulfatase A.” J Biol Chem 264, 1252-8.

Stein, C., Hille, A., Seidel, J., Rijnbout, 8., Waheed, A., Schmidt, B., Geuze, H. and
von Figura, K. {1988b). “Cloning and expression of human steroid-sulfatase,
Membrans topology, glycosylation, and subcellular distribution in BHK-21 cells.”
J Biol Chem 264, 13865-72.

Stein, M., Zijderhand-Bleekemolen, J. E., Geuze, H., Hasillk, A. and von Figura, K.
{1987). “Mr 46,000 mannose 8-phosphate specific receptor:.its role in targeting
of lyscsomal enzymes.” Embo J 6, 2677-81.

Stoller, T. J. and Shields, D. (1989). “The propeptide of preprosomatostatin medi-
ates intracellular transport and secretion of a-globin from mammalian cells.” J
Cell Biol 108, 16847-55.

Stoorvogel, W., Strous, G. J., Geuze, H. J., Oorschot, V. and Schwartz, A. L. {1991).

“Late Endosomes Derive from Early Endosomes by Maturation.” Cell 65, 417-
427.

Thomas, K. R. and Capecchi, M. R. (1287). “Site-directed mutagenesis by gene tar-
geting in mouse embryo-derived stem cells.” Cell 51, 503-12.

Tsuji, 8., Choudary, P. V., Martin, B. M., Stubblefield, B. K., Mayor, J. A., Barranger,

J4. A, and Ginns, E. L. (1987). “A mutation in the human glucocerebrosidase gene
in neuronopathic Gaucher's disease.” N Engf J Med 316, 570-5.

53



Tsuji, 8., Martin, B. M., Barranger, J. A., Stubblefield, B. K., LaMarca, M. E. and
Ginns, E. I. {1988). “Genetic heterogeneity in type 1 Gaucher disease; multiple
genotypes in Ashkenazic and non-Ashkenazic individuals [published erratum
appears in Proc Natl Acad Sci U S A 1988 Aug;85(15):5708]." Proc Natl Acad Sci
S5 A 85, 2349-52, '

Tsuji, 8., Yamauchi, T., Hiraiwa, M., Isobe, T., Okuyama, T., Sakimura, K., Taka-
hashi, Y., Nishizawa, M., Uda, Y. and Miyatake, T. (1988). “Molecular cloning of a
full-length ¢DNA for human o-N-acetylgalactosaminidase (¢-galactosidase B).”
Biochem Biophys Res Commun 163, 1488-504.

Vaux, D., Tooze, J. and Fuller, 8. {1990). “identification by anti-idictype antibodies
of an intraceliular membrane protein that recognizes a mammalian endoplasmic
reticulum retention signal.” Nature 345, 495-502.

Vigers, G. P., Crowther, R. A. and Pearse, B. M. {1986a). “Locaticn of the 100 kd-50
kd accessory proteins in clathrin coats,” Embo J 5, 2073-85.

Vigers, G. P., Crowther, R. A. and Pearse, B. M. (1988b). “Three-dimensional
structure of clathrin cages in ice.” Embo J 5, 529-34.

von Heijne, G. (1988}. “A new method for predicting signal sequence cleavage
sites.” Nuc! Acids Ales 14, 4683-90.

Waheed, A., Gottschalk, S., Hilie, A., Krentler, C., Pohimann, R., Brautke, T.,
Hauser, H., Geuze, M. and von Figura, K. (1988). “Human lysosomal acid phos-
phatase is transported as a transmembrane protein {0 lysosomes in transfected
baby hamster Kidney cells.” Embo J 7, 2351-8.

Waheed, A., Hille, A., Junghans, U. and von Figura, K. {1890a). "Quaternary struc-
ture of the Mr 46,000 mannose 6-phosphate specific receptor: effect of ligand,
pH, and receptor conceniration on the equilibrium between dimeric and
tetrameric receptor forms.” Biochemistry 29, 2449-55.

Waheed, A. and von Figura, K. (1290b). “Rapid equilibrium between monomeric,
dimeric and tetrameric forms of the 46-kDa mannose 6-phosphate receptor at 37
degrees C. Possible relation to the function of the receptor.” Eur J Biocherm 193,
47-54.

Walter, P. and Blobel, G. (1880). “Purification of a membrane-associated protein
complex required for protein translocation across the endoplasmic reticulum.”
Proc Natl Acad Sci U S A 77, 7112-6.

54



Walter, P. and Blobel, G. (1882). “Signal recognition particle contains a 75 RNA
essential for protein transiocation across the endoplasmic reticulum.” Nature
239, 691-8.

Wang, A. M., Bishop, D. F. and Desnick, R. J. (1920). “Human «-N-acetylgalac-
tosaminidase-molecular cloning, nuclectide sequence, and expression of a full-
length cDNA. Homology with human a-galactosidase A suggests @volution from
a common ancestral gene.” J Biol Chem 265, 21859-66.

Wang, A. M. and Desnick, R. J. (1991). “Structural Organization and Complete Se-
quence of the Human o-N-Acetylgalactosaminidase Gene - Homology with the
o-Gaiactosidase-A Gene Provides Evidence for Evolution from a Common An-
cestral Gene.” Genomics 10, 133-142.

Watanabe, H., Grubb, J. H. and Sly, W. S. {1890). “The overexpressed human 46-
kDa mannose 6-phosphate receptor mediates endocytosis and sorting of B-glu-
curonidase.” Proc Natl Acad Sci U S A 87, 8038-40.

Waters, M. G., Serafini, T. and Rothman, J. E. (1981). “ ‘Coatomer’: a cytosolic pro-
tein complex containing subunits of non-clathrin-coated Golgi transport vesi-
cles.” Nature 348, 248-51.

Wigderson, M., Firon, N., Horowitz, Z., Wilder, S., Frishberg, Y., Reiner, O. and
Horowitz, M. {1988). “Characterization of mutations in Gaucher patients by cDNA
cloning.” Am J Hum Genet 44, 365-77.

Wileman, T., Kane, L. P,, Carson, G. R. and Terhorst, C. {1991). “Depletion of cellu-
lar calcium accelerates protein degradation in the endoplasmic reticulum.” J Bio/
Chem 2686, 4500-7.

Williams, M. A. and Fukuda, M. {1990). “Accumulation of membrane glycoproteins
in lysosomes requires a tyrosine residue at a particular position in the cytoplas-
mic tail.” J Calf Biol 111, 955-66.

Wilson, D. W, Wilcox, C. A, Flynn, G. C., Chen, E., Kuang, W. J., Henzei, W. J.,
Block, M. R., Ullrich, A. and Rothman, J. E. (1988). “A fusion protein required for
vesicle-mediated transport in both mammalian cells and yeast.” Nature 338,
355-9.

Wilson, P. J., Morris, C. P., Anson, D. 8., Occhiodoro, T., Bielicki, J., Clements, P. R.
and Hopwood, J. J. (1980). “Hunter syndrome: isolation of an iduronate-2-sulfa-
tase cDNA clone and analysis of patient DNA." Proc Natl Acad Sci U S A 87,
8531-5.

55



Woods, C. M. and Lazarides, E. (1985). “Degradation of unassembled «- and B-
spectrin by distinct intracellular pathways: regulation of spectrin topogenesis by
B-spectrin degradation.” Cell 40, 958-69.

Xie, B., Mcinnes, B., Neote, K., Lamhonwah, A. M. and Mahuran, D. (1991).
“Isolation and Expression of a Full-Length ¢cDNA Encoding the Human GM2 Ac-
tivator Protein.” Biochem Biophys Res Commun 177, 1217-1223.

Yamamoto, Y., Hake, C. A., Martin, B. M., Kretz, K. A., Ahern-Rirdell, A. J., Naylor,
S. L., Mudd, M. and O'Brien, J. S. (1990). “Isolation, characterization, and map-
ping of a human acid B-galactosidase ¢cDNA.” DNA Celf Biol 9, 118-27.

Yamauchi, T., Hiraiwa, M., Kobayashi, H., Udg, Y., Miyatake, T. and Tsuji, S. (1990).
“Motecular cloning of two species of ¢cDNAs for human a-N-acetylgalac-

tosaminidase and expression in mammalian cells.” Biochem Biophys Res Com-
mun 1790, 231-7.

Yen, P, H., Allen, E., Marsh, B., Mohandas, T., Wang, N., Taggart, R. T. and
Shapiro, L. J. (1887). “Cloning and expression of steroid sulfatase ¢cDNA and the
frequent occurrence of deletions in STS deficiency: implications for X-Y
interchange.” Cell 49, 443-54.

Zhang, X. L., Rafi, M. A,, DeGala, G. and Wenger, D. A, (1990). “Insertion in the
mRNA of a metachromatic leukodystrophy patient with sphingolipid activator
protein-1 deficiency.” Proc Natl Acad Sci U § A 87, 1426-30.

Zhang, X. L., Rafi, M. A_, Degala, G. and Wenger, D. A. (1881). “The Mechanism for
a 33-Nucleotide Insertion in Messenger RNA Causing Sphingolipid Activater

Protein (SAP-1)- Deficient Metachromatic Leukodystrophy.” Human Genetics
87, 211-215.

Zot, A. S. and Fambrough, D. M. (19§0). “Structure of a gene for a lysosomal mem-

brane glycoprotein (LEP100). Housekeeping gene with unexpected exon orga-
nization.” J Biol Chem 265, 20988-95.

58



2. EXPERIMENTAL WCRK

2.1.1 introduction

Lysosomal protective protein was discovered through its deficiency in the distinct
metabolic storage disorder galactosialidosis, a disease characterized by the
severely reduced activities of the enzymes B-galactosidase and neuraminidase. In
order to understand the relationship among the three proteins some of the relevant
properties of the latter two glycosidases are reviewed first.

Lysosomal B-D-gatactosidase is involved in the turnover of a variety of natu-
ral substrates such as glycoproteins, gangliosides and glycosaminoglivcans, from
which it hydrolyzes the nen-reducing terminal galactose residues (for review see
O’Brien, 198%). As mentioned previously, the in vitro degradation of Gpm1-ganglio-
side by B-galactosidase is accelerated in the presence of a particular activator
protein, SAP-1. The enzyme will alsc hydrolyze several artificial substrates, among
which is the fluorescent compound 4-methylumbelliferyl-p-D-galactoside, utilized in
most studies. The gene encoding human lysosomal B-galactosidase has been lo-
calized on chromosome 3 {Shows et 2/, 1978) and mutations in this locus result in
the lysosoma! storage disorders designated Gy1-gangliosidosis and Morguio B
syndrome. In the former the major accumuiated substrate is the ganglioside Gp1
{see Figure 2), whereas in Morquio B syndrome B-galactosidase affinity for the gly-
cosaminoglycan keratan sulfate is abnormally low (Paschke and Kresse, 1982; van
der Horst ef af, 1983).

B-Galactosidase aclivity has been detected in a number of tissues and
species and depending upon the extraction procedure and source of material en-
zymatic aclivity is recovered in mono-, di- , tetra- and multimeric forms (e.g. Hoek-
sema et al, 1979, Hoogeveen et af, 1983; Norden et af, 1974; Potier et al, 1990,
Scheibe et af, 1990; Verheijen et @/, 1982; 1985; Yamamoto &t af, 1982; Yamamoto
and Nishimura, 1987). The mature enzyme can be conveniently isolated using the
affinity matrix p-aminophenylthiogalactoside-CH-Sepharose (van Diggelen et &/,
1981). Using this purification method high and low molecular weight aggregates
were also found to persist.

In human cultured fibroblasts B-galactosidase is synthesized as a high
molecular weight precursor of 85 kDa, which is processad into a mature lysosomal
protein of 64 kDa (d’'Azzo et al, 1982), with a half life of about 10 days (van Digge-
len et af, 1981). In mutant human fibroblasts with an isolated B-galactosidase defi-
ciency heterogeneity in biosynthesis and processing is observed {(Hoogeveen et al,
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1984). It has been calculated that in the normal enzyme purified frem human liver
three carbohydrate chains per B-galactosidase molecule are present (Overdijk ef
af, 1886). A similar biosynthetic processing pattern compared to human fibroblasts
is detectable in mouse macrophages (Skudlarek and Swank, 1978). The half life of
B-galactosidase in the latier cell type was calculated toc be 2.9-3.5 days. In this cal-
culation turnover is defined as the sum of enzyme degradation as well as secretion,
each of which contributes in roughly equal amount to the disappearance of newly
synthesized molecules (Skudlarek and Swank, 1981; Tropea et al, 1988). Mature
B-galactosidase, derived from mouse macrophages also carries three oligosac-
charide chains (Tropea et al, 1988).

The ¢DNAs and genes encecding human and mouse B-galactosidase have
recently been isolated (see publication 2; Morreau et af, 1891; Nanba and Suzuki,
1980; 1991; Oshima et af, 1988; Yamamoto et a/, 1980). The structure of the hu-
man enzyme will be dealt with in publication 2. Murine B-galactosidase, for which
the corresponding cDNA was cloned after its human counterpart, is about 80 %
identical to the human enzyme. Similarity is only significantly lower towards the C-
terminus of the two proteins {(Nanba and Suzuki,1890). As mentioned previously,
the human gene gives rise to alternatively spliced transcripts, that encode the
classic, catalytically active B-galactosidase protein, but also a non-lyscsomai form,
which is inactive towards the artificial substrate used (publication 2). A similar -
galactosidase-related protein can not be encoded by the mouse gene, since the
reading frame of the putative alternatively spliced message would contain several
stop codons and give rise 10 a truncated polypeptide (Morreau et af, 1891). This
indicates that the B-galactosidase-related protein, if physiologically functional,
performs this role only in man.

Lysosomal N-acetyl-a-neuraminidase hydrolyzes terminal sialic acid
residues linked to oligosaccharides, glycoproteins, glycolipids and the artificial
substrate 4-methylumbelliferyl-N-acetylneuraminic acid. A single neuraminidase
deficiency gives rise to the lysosomal sterage disorder sialidosis (for review see
Beaudet and Thomas, 1989). Urine and fibroblasts of patients with this disorder
were found to contain mainly sialyloligosaccharides as secreted or stored products,
respectively {reviewed by Cantz and Ulrich-Bott, 1990). The enzyme is encoded by
a gene on human chromoscme 10 {(Mueller et al, 1986).

Mammalian [ysosomal neuraminidase has been difficult to purify because of
its lability upon extraction from most tissues and its apparent membrane-bound
character. There appear t0 be several mammalian neuraminidases, that so far
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could only be distinguished by specific biochemical parameters and because of the
lysosomal enzyme deficiency in the disorder sizlidosis {see review by Corfield et
al, 1981; and Lieser et al, 1989; Mendla and Cantz, 1284; Samoilow et a/, 1980;
Schneider-Jakob and Cantz, 1981; Usuki ot al, 1988; Verheijen et &/, 1983). How-
gver, it is possible to purify a soluble faorm of acid neuraminidase together with #-
galactosidase, the protective protein and other polypeptides in a stable high
molecular weight complex from bovine testis and other tissues and species
(Hiraiwa et af, 1991; Potier et af, 1990; Scheibe et al, 1990; Verheijen et af, 1982;
1885; Yamamoto et af, 1882; Yamamote and Nishimura, 1987). Photoaffinity la-
beling studies have demonstrated that within the bovine testis complex the
neuraminidase polypeptide carrying the active site is a 55 kDa protein (van der
Horst et al, 1980). In contrast, the complexed human placental enzyme was shown
1o be a heavily glycosylated polypeptide of 66 kDa {van der Horst ef al, 1989), or 61
kDa {(Warner et af, 1990). Nothing is known yet about the synthesis, routing and
maturation of this highly intriguing enzyme.

There is a distinct lysosoma! storage disorder that differs from the isolated B-
galactosidase and neuraminidase deficiencies mentioned above in that both gly-
cosidase activities are severely affected. After the first report of a patient with this
combined lysosomal enzyme deficiency (Wenger gt af, 1978) more of these cases
were shown to exist among patients with different clinical phenctypes. The “new”
disorder, termed galactosialidosis (Andria et al, 1981), is rare and is transmitted in
an autosomal recessive mode (see reviews by Andria et al, 1881; Galjaard et &/,
1984; O'Brien, 1988; Suzuki et af, 1984). Based on age of onset of the disease
three phenotypes are distinguished: 1) a severe early infantile form, which leads to
death at or soon after birth and is characterized by CNS invelvement, macular
cherry-red spots, visceromegaly, renal insufficiency, coarse facies and skeletal ab-
normalities; 2} a milder late infantile type, that usually manifests itself at 6-12
months of age but remarkably does not result in mental retardation, at least in those
patients thus far examined and followed up (Chitayat et &, 1988; Strisciuglio et af,
1980); 3) a juvenile/adult form, which is mainly found in Japan and is characterized
by slowly progressive CNS symptoms, including motor disturbance and mental re-
tardation, skeletai abnormalities, dysmorphism, macular cherry-red spots and an-
giokeratoma. Investigations aimed at deciphering the nature of accumulated pro-
ducts in placenta and urine from galactosialidosis patients revealed them to be
mainly sialylated oligosaccharides, as in the disorder sialidosis (Okada et al, 1978;
van Pelt et al, 1988a;1988b; 1989).
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The defective gene in galactosialidosis was demonstrated by complementa-
tion analysis to differ from those encoding B-galactosidase or neuraminidase
(Galjaard et al, 1975; Hoogeveen et al, 1980) and to be localized either on chre-
mosome 20 (Mueller ef al, 1986) or 22 (Sips et &/, 1985). Further evidence for the
participation of another factor in the regulation of B-galaciosidase and neura-
minidase came from “uptake” studies. The activity of both glycosidases in galac-
tosialidosis fibroblasts is restored 10 near normal levels when these cells are cul-
fured in medium, suplemented with secreted proteins derived from medium of con-
trof, GM1 -gangliosidosis or sialidosis fibroblasts, but not of galactosialidosis cells.
Uptake of a “corrective facter” is impaired if concomitantly with the secreted mate-
rial 1 mM M6EP is added to the medium of the recipient ceils (Hoogeveen ef &,
1981). As is now known, the latter compound competitively inhibits MPR-mediated
endocytosis of lysosomal protein precursors. Indeed the “corrective factor” later
furned out to be a phosphorylated protein (Hoogeveen et al, 1988).

In galactosialidosis cells B-galactosidase has normal hydroiviic properties
but its half life is less than one day, comparad 10 ten days in normal cells (van
Diggelen ef al, 1581; 1982). Biosynthetic labeling and immunoprecipitation analy-
sis revealed that fibroblasts derived from an early infantile galactosialidosis patient
synthesize a normal quantity of the 85 kDa B-galactosidase precursor. The latter
undergoes delayed endoproteolytic processing and the mature form is rapidly
turned over (d'Azzo et al, 1982). Only after addition of ieupeptin to the medium of
these cells could a 66 kDa intermediate be visualized, that was also detected in
leupeptin-treated normal cells. These data indicated that in galactosialidosis cells
B-gatactosidase is normally synthesized but it is rapidly degraded upon maturation.
Surprisingly, preteins of 54 and 32 kDa that were immunoprecipitated together with
B-galactosidase from control fibroblast extracts, were completely absent in the early
infantile galactosialidosis cell lysates. The 54 kDa form turned out to be the precur-
sor of the 32 kDa polypeptide. Since its deficiency in galactosialidosis [eads to the
increased turnover of B-galactosidase and to a complete absence of neura-
minidase activity (d'Azze ef al, 1982), the “corrective factor” was later named
“protective protein” (Hoogeveen et af, 1983).

The multimeric form of B-galactosidase that is detected in extracts of normal
tissues is absent in galactosialidosis fibroblast lysates (Hoeksema et al, 1979;
Hoogeveen ef al, 1983). However, if the latter contain normal protective protein,
taken up by receptor-mediated endocytosis, B-galactosidase is again found in a
multimeric aggregate. It was postulated that the 32 kDa protective protein forms
high molecular weight complexes with B-galactosidase in lysosomes and that this
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event prevents the rapid proteolytic degradation of B-galactosidase molecules
(Hoogeveen ef al, 1983). Immuno electron microscopy has provided indirect evi-
dence for this hypothesis (Willemsen ef af, 1988). The model was extended to in-
clude neuraminidase. This enzyme copurifies in complex with B-galaciosidase, the
protective protein and other pclypeptides after p-aminophenylthiogalactoside affini-
ty chramatography of bovine and porcine testis glycoprotein preparations
{Verheijen et &/, 1882; Yamameto and Nishimura, 1987). Using human placenta
similar resulis are obtained with the notable difference that neuraminidase activity
has to be generated by concentration and 37 9C incubation of the glycoprotein
preparation (Verheijen et 2/, 1885). in the stabilized sample monospecific antibo-
dies against the 32 kDza form of the protective protein coprecipitate both B-galacto-
sidase and neuraminidase activities. Thus, in vitro a complex exists of the three
aforementioned glycoproteins. Given the combined hydrolase deficiency in ga-
lactosialidosis it was proposed that this complex is a normal constituent of tysc-
somes and the function of the protective protein is to stabilize and activate the other
two enzymes by virtue of the association.

in normal fibroblasts proteoiytic conversion of precursor {0 mature protective
protein starts 30 min after synthesis (Palmeri et al, 1986). Aside from the early in-
fantile fibroblasts mentioned above, several galactosialidosis cell strains synthe-
size a mutated 54 kDa precursor in varying quantities, but no mature form is im-
munoprecipitated after a chase of 2 hr (Palmeri 6t al, 1986). In a late infantile cell
strain minute amounts of immunoprecipitable 32 kDa polypeptide were detected
after treatment of the fibroblasts with the protzase inhibitor leupeptin (Palmeri et 2/,
1988). Similar results were obtained using other strains derived from patients with
the same phenotype. This has led to the suggestion that the presence of residual
32 kDa polypeptide is a distinct feature in late infantile galactosialidosis
(Strisciuglio et al, 1988).

We have cloned the ¢cDNAs encoding human, mouse and chicken protective
proteins and human [(-galactosidase in order to investigate their respective primary
structures, the function(s) of the protective protein, its interaction with B-galactosi-
dase, and to identify mutation(s) underlying the different lysosomai storage disor-
ders. Our findings and mzin conclusions are reported in publications 1-8. In pubii-
cation 7 the gene encoding human protective protein is unequivocally localized on
chromosome 20, by using in situ hybridization.
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Summary

The “protective protein” is a giycoprotein that associ-
ates with lysosomal -galactosidase and neuramini-
dase and is deficient in the autosomal recessive dis-
order galactosialidosis. We have isolated the cDNA
encoding human “protective protein.” The clone rec-
ognizes a 2 kb mRNA in normal cells that is not evident
in fibroblasts of an early infantile galactosialidosis pa-
tient. The cDNA directs the synthesis of a 452 amino
acid precursor molecule that is processed in vivo to
yield mature “protective protein” a heterodimer of 32
id and 20 kd polypeptides held tegether by disulfide
bridges. This mature form is also biclogically fune-
tional since it restores B-galactosidase and neuramini-
dase activities in galattosialidosis ceils. The predicted
amino acid sequence of the “protective protein” bears
homology 1o yeast carboxypeptidase Y and the KEXT
gene product. This suggests a protease activity for the
“protective protein’

Introduction

The lysosomal enzymes -D-galaciosidase (EC. 3.2.1.28)
and N-acetyl-a-neuraminidase (sialidase, EC. 3.2.1.18)
are hydrolytic glycoprotweing responsible for the catabol-
ism of a variety of natural and synthetic substrates (for
reviews see Corfield et al., 1981; O'Brien, 1983). Mutations
at their structural genes cause deficient 0r severely al-
tered enzyme activities with censequent accumulation of
undegraded substrate(s) in the lysosomes. The resulting
metabolic storage diserders associated with asingle f-ga-
lactosidase deficiency are Gur-gangliosidosis and Morguio
3 disease {Groebe et al., 1980; O'Brien, 1983), whereas
sialidosis is due to an isolated neuraminidase deficiency
(Cantz et al., 1984).

There is, however, another autosomal recessive dis-
ease. genetically distingt from Gyy-gangliosidosis and
sialidosis, that is currently designated galactosialidosis
(Andria et al., 1981) because of the coexistent deficiency
of ~galactosidase and neuraminidase in patients with this
disorder (Wenger et al.. 1878). Different clinical pheno-
types have been observed, ranging from very severe early
infantile (E.1.) forms, fatal within chitdhood, to milder late
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infantile (L.I.) and juvenilefadult variants (Andria et al.,
1981; Suzuki et al., 1984; Galjaard et al., 1984). In all types
of patients, the responsible molecular gdefect has been at-
tributed to the cdeficiency of a 32 kd glycoprotein, referred
to as “protective protein,’ which appears to be essential for
the fuil blological activity of both #-galactosidase and
neuraminidase {dAzzo et al., 1982).

In human liver and cultured fibroblasts, active B-galacto-
sidase is present as 464 kd monomeric form and as ahigh
moelecular weight aggregate (600-7C0 kd) (Norden et al.,
1974; Hoeksema et al., 1979). In galactosialidosis fibro-
blasts, the residual B-gaiactosidase activity is about 10%
of the normal level and is the result of enhanced intralyso-
somal degradation of the enzyme, which is prasent only
in the monomeric form (van Diggelen et al., 1982; Hoogev-
een et al., 1983).

Studies on the biosynthesis of lysosomal B~galactosi-
dase in cultured fibroblasts have shown that the enzyme
presipitates with anti-human p-galactosidase antiserum
together with two other polypeptides, of 32 kd and 20 kd
(dAzzo et al., 1982). Furthermore, the majority of active
B-galactosidase can be resolved with the 32 kd and 20 kd
proteins in the aforementioned high molecular weight ag-
gregate (Hoogeveen et al., 1983). The 32 kd component
is synthesized as a 54 kd precursor that is alsc recovered
extraceliularly (dAzze et al., 1982). This secreted form,
taken up by galactosialidosis fibroblasts via the mannose-
6-phosphate receptor, is processed and promotes mul-
timerization of -galactosidase monomers, which prevents
rapid proteoiytic degradation of the enzyme (Hoogeveen
etal., 1981, 1983; Willemsen et al., 1986). Although the in-
volvement of the 32 kd protein in the aggregation of mone-
meric¢ -galactosidase became apparent, the biologial sig-
nificance of the 20 kd pelypeptide has remained unclear
until now.

in concurrent studies on lysosomal neuraminidase,
Verheijen et al. (1982. 1985) found thatin bovine testis ang
hurman placenta this enzyme copurifies with the “protec-
tive protein” and B-galactosidase ang that its activity da-
pends on the presence of the “protective protein.’ Taken
together, these findings strengly suggest that the three
glycoproteins — f-galactosidase, neuraminidase. and the
“protective protein™—exist in lysosomes as a functional
complex, but the stoichiometry of this complex is not yet
understood.

We have isolated cDNA encoding the “protective pro-
1@in” 1o study the primary structure, function, and expres-
sion of this protein @s well as 1o investigate the molecutar
nature of the mutations in galactesialidosis patients. The
cDNA clone directs the synthesis of "protective protein”
precursor, which becomes biologically active after being
endocytosed and processed in galactosialidosis fibro-
blasts. The amino acid sequence deduced from the cDNA
reveals that the active “protective protein” consists of a
heterodimer of 32 kd and 20 kd polypeptides. These
componeants are held together by disulfide bridges. The
predicted amino acid sequence bears homology 10 car-
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Flgure 1. Separation of Tryptic Peptldes from the 32 kd Protein: Amino
Acld Sequences and Ollgonucleotide Probes

The 32 kd proteln, purlfled from human placenta, was digested to com-
pletion with trypsin. Resulting peptides were separated on a reverse-
phase HPLG column using a gradlent of 5%-60% acetonitrile (A). The
numbered peaks, T1-T5, ropresent peptides used for automated Ed-
man degradation. Corresponding aming acld sequences are shown in
{B). Asterisks refer to discrepancies between deduced and predicted
amino acld sequences; unassigned residues are indicated by the letter
X. Two aming acid sequences were sultable for syntheslzing ollgonu-
cleotide probes, whose sequences are depicted in (C).

bexypeptidase Y (CPY), a yeast vacuolar protease, and
the KEX7 gene product, a yeast processing enzyme with
carboxypeptidase B-like activity.

Results

Partial Amino Acid Sequence and

isolation of Antibodies

The high molecular weight complex of B-galactosidase,
neuraminidase, and “protective protein” can be isolated
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from human placenta using concanavalin A-Sepharose
chrematography and affinity chromatography for B-galac-
1osidase {Verheijen et al., 1985). One of these preparations
was used in this study to obtain purified 32 kd protein. For
this purpose the different compoenents of the complex
were separated by SDS-polyacrylamide gel electrophore-
sls (SDS-PAGE) under reducing and denaturing congitions.
Electroeluted 32 kd protein was used 1o raise monospecif-
ic polyclonal antibodies in rabbit. This antibody prepara-
tion, tested in biogynthetic labeling experiments as well as
on Western blots, recognized only the 32 kd protein and
its 54 kd precursor. In a separate experiment a gel slice
containing the 32 kd protein was treated in situ with tryp-
sin, and the released peptides were fractionated by re-
verse-phase high-pressure liquid chromatography (HPLC)
{Figure 1A). Five of the oligopeptides were subjected 1o
automated Edman degradation {Figure 18). The N-terminai
sequence of the intact 32 kd protein was obtained using
the microsequencing method of Aebersoid et al. (1986).
We also determined the N-terminal sequenge of the 20 kd
polypeptide since this protein is consistently present in
purified preparations of the complex. Twe stretches, of 26
and 28 amino acids, were obtained.

Isolation et cDNA Clones and Nucleotide

Sequence Analysis

Two of the five peplide sequences werg used to synthesize
oligonuclectide probes (Figure 15). They were made com-
plementary to the mRNA in such a way that all codon us-
age possibilities were represented, Polyclonal anti-32 kd
antibodies and two oligonucleotide probes were used in-
dependently 1 screen a human testis cDNA library in the
expression vector Agtil (Young and Davis, 1583). Both
screening procedures yielded several recombinant
clones, the longest of which, A.Hu54, contained an insert of
1.8 kb. This clone was recognized by the antibogies as
well as by the two oligonucleotide probes. These findings
supported the identity of this cDNA.

The 1.8 kb insert, subclened into pTZ19 (pHU54), was
subjected to restriction endonuclease mapping (Figure 2).
The insert was sequenced using the dideoxy chain-
termination method of Sanger et al. (1977). Figure 2 de-
picts the nucleotide sequencing strategy used. The com.
plete sequence of the pHU54 clone is shown in Figure 3A.
The ¢DNA contains 1825 nucieotides. A potential ATG
translation initiation codon is encountered only & nucleo-
tides from the 5 end of the cDNA. This ATG is the begin-

Flgure 2. Partial Restriction Map and Se-

quenclng Strategy of the HuS4 ¢cDNA Clone
Al the rostrietlon sites used for subcloning and
sequencing are shown, except for Haeill,
s which has multiple restriction sites. Arrows In-
< dicate the extent and direction of $equencing
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reactions. The hatched box on the lowermost
arrow Indicates p location where synthetic oli-
gonuglootides other than the universal primer
ware used. Hatched bar, 5 noncoding region;
open bar, coding reglon; solld bar. 3" untrans-
lated region.
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ning of an open reading frame of 1440 nucleotides inter-
rupted by two consecutive stop codons, and it is flanked
atthe 3" end by a 363 nucleotide untranslated region. The
nucleotide sequence terminates with a short poly(A) tail,
and a potential polyadenyiation signal (AT TAAA) is found
at position 1786,

The putative ATG initiation codon is in a context that is
not optimal for ribosome binding and initiation of transla-
tion (Kozak, 1986). To establish the usage of this ATG,
pHu54 was transcribed in vitre, The resulting mRNA,
translated in a rabiit reticulocyte fysate system, gave rise
¢ & primary product of 54 kd immunoprecipitabie with
anti-32 kd antibodies. The size of this molecule correlated
well with that of the protein immunoprecipitated after
translatiors of total or polysomal RNA from nermal fibro-
blasts (data not shown). These results suggest that the
cDNA contains the entire coding region for the “protective
protein” precursor.

Predicted Amino Acid Sequence of

the “Protective Protein” and Homology to Yeast
Carboxypeptidase Y and KEXT Gene Product

The open reading frame of 1440 nucieotides encodes a
protein of 480 amino acids. Four of the five tryptic peptides
are found in the amino acid sequence deduced from the
Hu54 cDNA {Figure 3A). Few discrepancies exist between
the primary structure predicted here and the aming acid
sequencing data (Figure 1C). These include 1le-238, Gly-
240, Ser-243, and Lys-283. One of the tryptic peptides (T4)
couid not be located within the predicted amino acid se-
quence. The localization of the N-terminus of the 32 kd
protein at residues 1-26 (Figure 3A, indicated with a thick
line) allows for the assignment of a signal sequence of 28
amino acids immediately preceding the 32 kd polypep-
tide. It contains the three domains —basic N-terminal, hy-
drophobic central, and polar Cterminal regions—typical
of signal sequences (von Heijne, 1986). Morecver, the alz-
nine and glycine residues at positions —~1and ~3 conform
to statistically determined rules for amino acids at those
positions with respect to signal sequence cleavage sites
(von Heijne, 1986). Surprisingty, the N-terminus of the 20
kd protein is also located within the predicted amino acid
sequence at residues 239326 (Figure 3A). Thus, the pri-
mary structure of the “protective protein” includes a signal
sequence of 28 amino acids followed by 298 and 154
residues constituting the 32 kd and the 20 kd domains,
respectively.

There are two potential N-linked glycosylation sites, at
positions 117 and 305. The predicted molecular mass of
the “protective protein” precursor is 54,496 daltons, which
is reduced to 51,421 daltons after removal of the signal se-
guence. Assuming glycosylation at the aforementioned
residues and therefore addition of approximately 4,000
daltons, the estimated molacular mass of the precursor
molecule will be 55 kd. This corresponds 1o the size ex-
perimentally calculated after SDS-PAGE.

Searches of different protein data bases demonstrated
homolegy between the “protective protein” and the yeast
vacuolar protease CPY. The gene for CPY has recently
heen cloned and sequenced (Valls et al., 1987). We have
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Figure 4. Functional State of the “Protective Proteln” in the Purifled
Complex

Purifled pratein components ot the complox were elther reduced and
denatured by boillng In SDS sample buffer In the presence of 20 mM
dithlothreitol (+, lanes 1 and 3}, or simply boiled without reduction (-,
lanes 2 angd 4). Samples were rosolved by SDS-PAGE. One part of the
gel was stalned for total protelns with Coomassie brillant blue (lanes
1 and 2); the other part was subjected 1o Western blotting. The nitrocel-
lulose fiter was incubated with antl-32 kd antibodies and l-protein
A. Radiolabeled bands were visuallzed by autoradlography {lanes 3
and 4).

used the sequence of the mature form of CPY, residues
112-532 (Valis et al., 1987}, for alignment with the “protec-
tive protein” {Figure 3B). On the other hand, Dmochowska
et al. (1987) have reported sequence homology between
CPY and another yeast protein, the KEXT gene product.
We therefore also compared the “protective protein” se-
quence with residues 34489 of the KEX7-enceded pro-
tein {Figure 38). Identity is predominantiy confined to the
N-terminal portion of all three proteins. This region is
flanked by a sequence tract that does not show any signifi-
cant similarity, Homolegy ameng the three proteins is
again found over a stretch of about 100 amino acids, posi-
ticned at the C-termini of Hu54 and CPY and residues
390-488 of the KEX7 gene product. A conserved region
of six amino acids (Gly-Glu-SerTyr-Ala-Gly), present in all
thrae proteing, spans the serine residus shown (0 be in the
active site of CPY (Hayashi et al., 1973) and possibly of the
KEX1 gene product (Dmochowska et al., 1987). Two other
regions, also identical, one of ten amino acids (Trp-Leu-
Asn-Gily-Gly-Pro-Gly-Cys-Ser-Ser) including a Cys resi-
due, and one of four amino acids {His-MetVal-Pro) con-
taining a His residue, are positioned at the beginning and
the and of the three aligned sequences (Figure 38). These
observations imply that the “protective protein” might fune-
tion as a carboxypeptidase.

Nine cysteines within the predicted amine acid se-
quence of the “protective protein” are present, four of
which cluster between residues 212 and 228, This sug-
gests intramolecular covalent binding by disulfide bridges
betweern the 32 kd and 20 kd polypeptides. To test this hy-
pothesis, the different components of the purified com-
plex (B-galactosidase, neuraminidase, and "protective pro-
tein”) were fractionated by SDS-PAGE under reducing and
nonreducing conditions (Figure 4). Proteins were either
directly stained with Coomassie blue or Western blotted



Figure 5. Northern Blor Analysls of Fibroblast RNA

Samples of total Mbroblast ANA (15 ug) from & normal individual, the
E.L {Early Inf.) and LI. {(Late Ini) galatosialidosls patients, and the
parents of the E.i. patlen were fractionated on a formaldehyde—
agarose gel and probed with the HuS4 cDNA. Riposomal ANA markers
are indicated. Exposure time was 24 hr,

and probed with anti-32 kd anticodies, In the presence of
the reducing agent, 32 kd and 20 kd polypeptides are visi-
ble in the Coomassie biue—stained gel, whereas a 54 kd
form is detected under nonreducing conditions (Figure 4,
fanes 1 and 2). Both the 32 kd and 54 kd proteins react
with the antiserum (Figure 4, lanes 3 and 4). We conclude
from these results that the 32 kd and 20 kd components
of the “protective protein” are held together by disuifide
bridges and function as a heterodimer

RNA Hybridization Studies

To determine the size of the "protective protein” transcript
as well as its abundance in galactosialidosis patients, total
RNA was isolated from normal cuitured fibroblasts and
from fiproblasts of the L. galactosialidosis patient, the
E.l. galactosialidosis patient, and the parents of the latter.
A Northern blot containing these RNAs was hybridized
with 2P-labeled MuS4 cDNA (Figure 5. In normal fibro-
blasts an mRNA species of about 2 kb is present, This im-
plies that the 5" untransiated region measures about 200
bp. The 2 kb mRNA is not evident in the E.I. galactosiaii.
desis patient, whereas 1 is present in normal ameun!s in
fibroblasts of the L.I. galactosialidesis patient. When 10
ng of poly(A)y* RNA was used, traces of the 2 kb message
could be seen in the E.|. galactosialidosis patient, but only
upon long exposures of the autoradiographs (data not
shown). The parents of this patient have drastically re-
duced amounts of the 2 kb mRNA. To make certain that
equal amounts of the different RNA samples were present
on the Northern blot, the fiiter was rehybridized with a
probe recognizing the giyceraldehyde-3-phosphate de-
hydrogenase mRNA. which is abundant in fibroblasts
{Benham et at., 1984). In all lanes, approximately the
same amount of this 1.2 kb message was detected (data
not shown). These results provide additional proof of the
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identity of the cONA clone and they alsc show different
mutations in the two clinical forms ¢f galactosialidosis
tested.

Transient Expression of Hu54 cDNA in COS-1 Cells
The HuS4 cDNA was cloned in two orientations into a
derivative of the mammalian expression vector pCD-X
(Ckayama and Berg, 1983). In one construct, pCDHu54-
sense, the 5 end of the ¢cDNA was oriented toward the
SV40 promoter, whereas in the pCDHu54-antisense con-
struct the orientation of the cDNA was reversed. Transfec-
tion experiments were carried out on COS-1 cells (Gluz-
man, 1981}, since transient expression of exogenous DNA
in this cell type has proved to be successful in previous
studies.

The pCDMub4-sense and -antisense Conslructs were
transfected separately. Two days after transfection, newly
synthesized proteins were labeled with [**S]methicnine
in the presence of 10 mM NH,CI to induce maximal
secretion of lysosomal protein precursors (Hasilik and
Neufeld, 1980). Radiolabeled proteins from cell lysates
ard medium concentrates were immunoprecipitated with
anti-32 kd antibodies. The results are shown in Figure 6,
Untransfected COS-1 cells contain an endogenous 54 kd
protein that is barely detectabte by anti-32 kd antibodies
and is partially secreted into the medium (Figure 8, lanes
1 and 2). Whether this protein represents the COS-1 cell
equivalent of the “protective protein” precursor is at pres-
ent not clear, After transfection of the cells with the
pCDHuS4-sense plasmid, a large amount of the 54 kd
precursor is synthesized (Figure 6, lanes 3 and 4). This
precursor protein is recognized by the antibodies and it is
present in both cells and mediurm. Its estimated molecular
weight correlates with that observed for the glycosylated
“protective protein” precursor immunoprecipitated in hu-
man cells. The synthesis of this precursor molecule is not
accomplished in COS-1 cells transfecied with the an-
tisense construct {Figure 6, lanes 5 and B).

The cDNA-derived 54 kd precurser protein is apparently
net processed 10 32 kd and 20 kd polypeptides in COS-1
cells. Although the experiments iliustrated in Figure 6
were performed in the presence of NH.CI, similar results
were obtained in the absence of this reagent (data not
shown). These findings demonstrate that the pCDHu54-
sense construct, when transfected into COS-1 cells, directs
the synthesis of the 54 kd “protective protein”™ precursor,
which is aiso secreted into the medium.

Uptake and Processing of COS-1 Cell-Derived

54 kd Precursor by Human Fibroblasts

To show that the cDNA-encoded precursor yields a biclog-
ically active “protective proiein,” uptake studies were per-
formed. Medium from [35S]methioning-labeled COS-1
cells, transfected with either of the two pCDHuS4 con-
structs, was ¢ollected and concentrated. Aliquots of each
of the different medium concentrates were added to the
medium of cultured fibrobiasts from a normal individuai,
the E.|. galactosialidosis patient, and the L.1. galactosiali-
dosis patient. After a further 3 days, immunoprecipitation
was carried out on cell extracts and medium concentrates



Figure 6. Translent Expression of pCDHuS4 in COS4 Cells

Hu54 cDNA was cloned In two orlentatlons | ntothe mammallan expres-
slon vector pCD-X. The resulting pCDHUSE constructs were trans-
fected Into COS-3 calls. Control cells were treated In the same manner
as transfected colls but no DNA was added. Aftor 48 hr. cells were In-
cubated with P*Shmethionine for an additional 16 hr In the presence
af 10 mivi NHLCL. Labeled proteins from cells (C) and media {M) were
immunoprecipltated with antl-32 kd antibedies, analyzed on a 10%
polyacrylamide gel under reducing and denaturlng conditions, and
visualized by fluorography. Molecular size markers are indleated at
left. Exposure tme for lanes 2—4 was 24 hr; fznes 1. 5. and B were ex-
posed three times as long,

using anti-32 kd antibodies. Media collected from the
three different strains after 72 hr still contain 54 kd precur-
sor protein (Figure 7A, lanes 1, 3, and 4). This precursor
form is absent in the medium of galactosialidosis fibro-
blasts containing proteins secreted by COS-1 cells origi-
hally transfected with the antisense plasmid (Figure 74,
lane 2}. The 54 kd precursor derived from COS-1 celis is
endocytosed by all three celi strains and it is rapidly
processed into an immunoprecipitable 32 kd proteir: (Fig-
ure 7A, lanes 5, 7, and B). The 20 kd polypeptide is not rec-
ognized by the anti-32 kd antibodies used in this ex-
periment.

The predicted amino acid sequence of the 54 kd precur-
sor protein (Figure 3A) has potential glycosylation sites at
two Asn residues, one within the 32 kd and one within the
20 kd polypeptide. These two components of the “protec-
tive proteim” exist as a heterodimer (Figure 4). They can
only be visualized separately after reduction and by using
an antiserum originally raised against the total complex
(dAzzo ot al., 1982). The use of the wo potential glycosy-
lation sites in vivo could be demonstrated by performing
uptake experiments similar to those described above but
using anti-complex antiserum. Galactosialidosis fibro-
blasts of the E.L. type were used as recipient celis. Threa
days after uptake of COS-1 cell-gerived 54 kd precursor,
immunoprecipitation was performed followed by digestion
with glycopeptidase F, an enzyme that ¢leaves all types
of Asn-bound N-glycans (Plummer et al., 1984; Tarentino
et al., 1985}. As shown in Figure 7B, the 32 kd and 20 kd
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Figure 7. Uptake, Processing, and Glvcopeptidase F Treatment of
COS1 Ceil-Derived “Protective Protein” Precursor in Human Flpro-
plasts

{A} Uptake and processing. 35-labeled 54 kd precursar protein, pro-
duced by COS-1 ¢ells transfected with pCDHub4 In the sense orienta-
ticn, was added to culture medlum of nermal fibroblasts and fibroblasts
fromthe E,L. and L.1. galactosialidosls patlents. After 72 hr, labeled pro-
teins fram medla and cells werg Immunoprecipltated with antl-32 kd
antibodios, separated by 12.5% SDS-PAGE, and visualized by fluorog-
raphy. Lanes 1 and 5, E.l. fibroblasts; lanes 3 and 7, normal flproblasts:
lanes 4 and 8, L.I. fibroblasts, Lanas 2 and 6 represent the control ex-
pariment In which proteins secreted by COSH1 cells transfected with
pCDHubS4-antisense were fed 1o E.|. galactosiaiidosls fibroblasts. Mo-
lecular slzos were calculated by comparlson with protein markers.
(B) Glycopeptidase F teatmem. COS-1 cell-derived, labeled 54 kd
precursar was fed to E.l. galactoslatidosls cells. Immunoprecipitation
was carried out with antl-complex antiserum (iane 7). Part of the Immu-
noprecipitated material was digested with glycopeptidase F (lane 2).
Samples were analyzed as In (A).

proteins undergo deglycosylation, resulting in a shift in
apparent mass of about 2000 daltons {lanes 1 and 2).
Thus, glycosylation of the 54 kd precursor in COS-1 cells
takes place at the two predicted Asn residues. From these
data we conclude that the COS-1 cell-derived 54 kd pre-
cursor containg all signals necessary for uptake by human
fibroblasts and intracellutar processing.

We finally tested whiether the processed, ¢cDNA-encoded
“protective protein” was able to restore lysesomal B-gaiac-
tosidase and neuraminidase activities in both mutant cell
types. As shown in Table 1, COS-1 cell-derived 54 kd pre-
cursor, taken up and processed by E.l. and L.I. galactosi-
alidosis fibroblasts, restores both enzyme activities. In the
L.I. cells the relative increase in neuraminidase activity is
less evident because of the higher endogenous residual
activity. To rule out a possible effect of other secreted
COS-1 proteing rather than the 54 kd precursor, galac-
tosialidosis cells were also cultured for the same period
cf time in conditioned medium from COS-1 cells originally
transfected with the antisense plasmid. Table 1 shows that
B-galaciosidase and neuraminidase activities in these fi-



Tabie 1. RAestoration of Enzyme Activities in Galactosialidesls Fibroblasts after Uptake of COS-1 Cell-Derived “Protective Proteln™ Precursor

Additlon of COS-1

Transtectlon in

Activity (nmalihr per mg of protein)

Call Strain Goli-Darlved Proteing COS1 Cells p-Galactosidase Neuraminlgase
E.L. Galacteslalidosis -+ pCDMub4-sonse 193 13
+ pCDHuSs-antisense 44 0.9
- - 50 0.9
L.I. Galactosialidosts + pCCHUb4-sense 117 10
+ pCDHS54-antisense 56 5
- - 60 3
Normal + pCDHuS4-sense 233 60
- . 294 104

Proteing secreted by COS-1 cells, after transfection with pCDHu54-sensoe or -antisense, were added to the medium of rormal flbrobiasts and fibro-
blasts from E.l and L.l galactosialidesis patients. After 72 hr, cel's were harvested by trypsinization, and enzyme activities were measured in

cell homogenates using synthetic 4-methylumbelliferyl substrates.

broblasts do net increase. The presence or absence of
proteins derived from COS-A1 cells in the medium of nor-
mal cells does not cause any significant difference in en-
zyme activities. The levels of other lysosomal enzymes
tested as internal controls in the different cell homoge-
nates remain unchanged (data not shown).

Discussion

We have isofated and characterized the cDNA encoding
the 54 kd precursor of the “pratective protein™ known to be
deficient in patients with the autosemal recessive disease
galactosialidosis. In normal human fibroblasts, the cDNA
recognizes an mRNA ¢ approximately 2 kb that is not evi-
dent in fibroblasts of the E.1. galactesialidosis patient. Par-
ents of this patient, who are consanguinecus (Kleijer etal.,
1979) and therefore likely to carry the same allelic muta-
tion, have markedly reduced amounts of the 2 kb mRNA.
These data demonstrate heterozygosity for the “protective
protein” deficiency, for which no direct enzymatic assay is
available. The LI patient has a normal amount of the 2
kb mRNA species. This is consistent with previous data
from immunoprecipitation studies that established the ab-
sence of cross-reacting material for the “protective pro-
tein” in fibroblasts of the E.1. patient, but the presence of
anormal amourt of precursor molecules in ceills of the L.l
patient {dAzzo et al., 1982; Palmeri et al., 1986).

The N-terminal sequences of the 32 kd and 20 kd poly-
peptides are found in the predicted amino acid sequence
of the “protective protein” precursor, From their locations
we could infer that the two proteins are positioned next to
each other within the precursor molecule and we could
demonstrate that, after the initial cleavage of the precur-
sor, the two polypeptides remain held together by disulfide
bridges. These findings clarify the presence of the 20 kd
component in purified complex preparations and show
that it is an integral part of the mature “protective protein.”
The latter is a heterodimer of 32 kd and 20 kd polypep-
tides.

The predicted molecular masses of the glycosylated
precursor (55 kd) and the 20 kd component correlate well
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with their estimated sizes after SDS-PAGE. There is, how-
ever, a difference of 3—4 kd between the predicted size
(355 kd) and the estimated size of the 32 kd polypeptide.
One explanation may be that C-terminal processing of the
32 kd component takes place after initial cleavage of the
precursor between residues 298 and 299 (Arg-Met). Con-
versely, N-terminal processing of the 2¢ kd component
may occur after cleavage of the precursor molecule some-
what before residue 299. The proteolytic event, if it occurs,
must be confined 1o residues 284-298, accounting for
about 1.7 kd, since residue 284 is the C-terminus of tryptic
peptide T1.

The Hu54 cDNA directs the synthesis in COS-1 cells of
the “protective protein” precursor, and the protein is alse
secreted in substantial amounts. COS-1 cells are not able
1o process this form intracellularly into 32 kd and 29 kd
polypeptides. Nevertheless, the presence of these comn-
ponents has been shown in other mammalian tissues,
e.g., bovine testis (Verheijen et al., 1982) and porcing
spleen and testis (Yamamoto et al., 1982; Yamamoto and
Nishimura, 1867). At present we do not know whether
COS-1 cells fail t recognize the processing site of human
54 kd precursor or whather the transfection procedure and
subsequent production of the precursor molecule some-
how interfere with this cleavage event. In contrast, correct
intraceliular processing of COS-1 cell-derived 54 kd
precussor takes place in normal human fibrobiasts as well
as in both E.I. and L.i. galactosialidosis cells. This result
implies that this precursor protein acquires ali molecular
characteristics for further postiranslational modifications.

The cDNA-encoded precursor also yields a biologically
functional “protective protein” capable of correcting B-ga-
lactosidase and neuraminidase activities after being en-
docytosed and processed by mutant fibroblasts. This in-
direct approach of transient expression in COS-1 cells and
uptake by deficient fibroblasts offers several opporiunities
for testing the different functions of the “protective pro-
tein” For instance, expressicn of in vitro mutagenized
cDNAs may prove usetut for determining the structural do-
mains in the “protective protein” involved in the associa-
tion with B-galactosidase and neuraminidase.



The most striking observation in this report is the homol-
ogy of the “protective protein” to yeast CPY and the KEXT
gene product. CPY is a vacuolar protease involved in the
degradation of small peptides (for review see Jones,
13984). it is synthesized as a larger, inactive precursor
{Hasilik and Tanner, 1978) that is converted to the mature,
active form prior 10 or upon delivery 1o the vacuole (Hem-
mings et al., 1981). The KEX? gene product in yeast is in-
volved in the protechytic processing of killer toxin and
a¢-pheromone precursors, probably at the Golgi stage in
the secretory pathway (Dmochowska et al., 1987). It com-
pletes maturation of subunits of these proteins by the
removal of dibasic amine acid residues from C4ermini.
This proteolytic step is essential for the activation of ma-
ture killer toxin and a-pheromone. The carboxypeptidase
B-like activity of the KEX? product is exerted anly after
cleavage of the precursor molecules by an endopepti-
dase.

Homology between CPY, the KEXT gene product, and
the “protective protein” is extensive, and the stretch of
aming acigs that spans the active site serine in CPY
{Hayashi et al., 1973) is completely identical in the three
proteins. Dmochowska et al. (1987) have demonstrated
that mutation of this sérine to alanine in the KEXT gena
product impairs its activity, strongly suggesting that KEXY
is, like CPY, a serine protease. It is of interest that the two
proteases can apparently catalyze similar reactions using
a conserved active site but are involved in different proteo-
lytic pathways and function in different subcellular com-
partments.

The conserved stretch of six amino acids including the
active-site serine is located within the 32 kd polypeptide
of the “protective protein.’ The homology suggests a puta-
tive protease activity for the “protective protein? Morgover,
not only is the “serine domain™ completely identical in the
three proteins, but there are also two other identical
stretches, one containing a cysteine and one a histidine
residue, A sulfhydryl group as well as a histidine residue
has been suggested to contribute to the enzymatic activ-
ity of CPY (Hayashi et al., 1973; Kuhn et al_, 1974). It is
noteworthy that, in the case of the “protective protein.’ His-
429 is located in the 20 kd polypeptide, This implies that
this component might also be involved in the putative pro-
tease activity of the “protective protein.’ which supports
the proposed model of the heterodimeric state of its ma-
ture form. We can speculate that this protease activity is
respensible for specific proteolytic modifications of g-ga-
lactosidase and neuraminidase at their C-termini, result-
ing in the stabilization of the former and in the activation
of the latter enzyme. The “protective protein” could there-
fore be the first example of a processing enzyme with car-
boxypeptidase B-like activity in man.

The charactarization of the ¢cDNA encoding the “protec-
tive protein” has enabled a better understanding of the
protein’s primary structure and possible mode of action. At
the same time, the seéquence homologies revealed here
lead us 10 speculate on the paradox of a protective func-
tion named 1 a potential proteolytic activity. Studies of the
tertiary structure of the “protective protein” and its interac-
tion with B-galactosidase and neurarninidase will become
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feasible once the genes coding for the [atter two compo-
nenis are cloned. .

Note: We have now established that COS-1 cell-derived
“oratective protein” precursor, taken up by untreated COS-
1 cells, is correctly converied into the heterodimeric form.
This implies that the impaired processing of the precursor
molecule in transfected ceils is probably attributabie to the
transfection procedure.

Experimental Procedures

Cell Culture

Fluman skin flbroblasts frem normal Individuals and a patient with the
E.l form of galactosialidosis {Kieljer et al., 1979) were obtalned from
the Rotterdam Cell Repository (Dr. M. F. Niermeijer). Cells from the pa-
tient with the L.l form of galactasialidesis (Andria et al., 1578) were
provided by Dr. G. Andrla. Dapt. of Pedlatrics. University of Naples,
Italy. Flbroblasts were maintaired Iin Dulbeccos modified Eagle's
madlum-Ham's F10 medlum (1:1 volivel) supplemented with antibletics
and 10% fetal call serum.

Protein Sequence Analysis

The complex of B-galactosidase, neuraminidase, and “protective pro-
teln” was purlfied from human placenta as previously described
{Verhoifen ot ai., 1885). The different components wore soparated by
SDS-PAGE under reducing and denaturing conditions according 1o
Laemmli (1§70) with minor medifications {Hasilik and Neufeld, 1930).
The 32 kd protein band was digested in situ with TPCK-trypsin (Wor-
thington Dlagnastic Systerns Inc., U.K.). Tryptic peptides were fraction-
ated by HPLG (Waters 6000 Systern) using a Du Pont Zorbax C8 4.6
mm x 25 ¢m reverse-phase column {Anachem Lid., UK.) and a
5%—60% gradient of acetonltrlle in 0.194 trifluaroacetic acid; detaction
was at 216 nm.

Sequence analysis of peptide {ractlons was performed by auto-
mated Edman degradation on an Applled Biosystemns 470A gas-phase
peptide sequenator (Hunkapiller and Hood, 1883). FTH-amino aclds
were analyzed on-line using an Applled Blosysiems 120A analyzer
{Southan et al.. 1987). For N-terminal sequence analysls, approxh-
mately S0-180 19 of the purified complex was separated as above and
the protein components were biotted against Immobilon PVDV transfor
membranes (Milllpore Corp.) as described by Towbin et al, (1979). Filter
pigces contalning either the 32 kd or the 20 kd protein were ¢ut out and
used as starting materlal for automated Edmarn degradation (Aeber-
sold ot al., 1986). Amino acld seguencing was performed at the
Siotechnelogy Instrumentation Faclilty (University of California,
Riverside).

¢DNA Library Screening

A hurnan testis CONA library in Agt11 (Young and Davis, 1983; Clon-
tech, Paio Alte, CA), consisting of 1 x 10° independent clones with In-
sart slzes ranging from 0.7 to 33 kb, was plated out at a density of 5
x 10% PFU per 90 mm plate and screened with antl-32 kd anti-
bodies as previously described (Huynh et al., 1985). The same library,
platad out at a density of 2 x 10° PFU per 22 x 22 cm plate, was
screened with aligonucleotide probes labeled at the 5° end with 2P
using [y"°PJATP and polynucieatide Kinase (Maniatis et al., 1982).
The probes were syntheslzed on an Applied Blosysterns 381A oligonu-
cleotkie synthes|zer, Hybridization and washing conditions were as de-
scrived by Wood et al. (1985),

DNA Sequencing

The HuS4 cONA insert and its restriction fragments were subcionod
into tho plasmid vectors pIZ18 and pTZ18. Nucleotide sequencos on
bath strands were obtained by the dideoxy chain-termination method
{Sanger et al. 1977). M13 unlversal reverse primer as well as synthetic
oligonucloctides were used. Sequence data were analyzed uslng the
program of Staden (1986). Homology searches of the EMBL (release
14.0; 1988). NBRF Proteln (release 14.0; 1867), and SWISS-PROT (re-
lease 5.0: 1987) data bases were performed using the program of Lip-
man and Pearsor (1985). Protein allgnment was done with the se-
quence analysls sofware package of the University of Wisconsin
Genetics Computer Group (Devereux et al., 1984). Sequonces have



bean doposited in the EMBL/GenBank data base {accession ne.
J63159).

Northern Blot Analysis

Total RNA was Isclated from cultured floreblasts according 1o the pro-
codure of Auffray and Rougeon (1980). RNA sampies were ¢lbctropho-
resed on a 0.8% agarose gel containing 2.2 M formaldehyde (Maniatis
gtal., 1882) and blotted onle a ritrocellulose fliter. The fllter was hybrid-
ized with the cDNA probe labeled aceording to the procedure of Fein-
berg and Vogelsteln {1983).

Transient Expression of ¢ONA In COS-1 Celis

The 1.8 kb Hu54 cDNA EcoRl insert was subcloned In two orientations
in a derlvative of the mammaltlan expression vecter pCB-X (Okayama
and Berg, 1383) in which the Psti-BamH! fragment 3’ of the Sv40 pro-
moter was substituted by a polyllnker contalning ar EcoRl slte (a gift
from N. Helsterkamp, Unlversity of Southern California). COS-1 calls
(Giuzman, 1981) were malntained In the same culturlng medium as hu-
man fibroblasts hut suppiemented with only 5% fetal calf serum. Two
days before transtection, cells were seeded in 100 mm Petri dishes and
grawn to 30% confluency.

Transfections with pCDHuS4 constructs and biosynthetic labelling
with [%Sjmethtonine were performed according 10 the methed of van
Heuval et al. (1986) except that cells were incubated tn methipninefree
medium for 1 hr before labeling. The larter was carrled out for 16 hr
in the presence or absence of 10 mM NH,CI {Hasllik and Neufeld,
1980). The preparation of ¢ell extra¢ts and medlum concentrates and
the Immunopraclpitation of the “protective proteln” and ils precursor
were performed as reported earlier (Prola et al., 1984). Staphylococ-
cus aureus cells, used to precipltate antigen—antibody complexes,
were treated before use as recommended by the suppller, thereby in-
troducing reducing agent in the immuneprecipitation assay. lmmuno-
preclpitated proteins were resolved by SDS-PAGE under reducing and
denaturing condltlons. Radioactive bands were visualized by flucrog-
raphy of gels Impragnated with En*Hance (New England Nuclear).
Apparent molecular weights were calculated by comparlson with con-
ventional marker protelns.

Uptake Studies in Human Cells

Medium {5 mi) from transfected and ¥$-labelod COS-1 cells cultured
n 25 em? flasks was concentrated 2000-fold by ammonlum sullate
precipitation and was desalted afterward through 2 Sephadex G-50
column (Proia et al., 1984). This concentrated materlal (250 ul) was
divided inte two aliquots. Each aliquot was added 19 fresh medium of
confluent human fibroblasts piated in 50 mm dizhes. The cell strains
used were from & normal indlvidual and from the E.. and L. galac-
toslalidosis patlents. After an additional 3 days of subcuiture, cofl ex-
tracts and modium concentrates weore prepared for Immunopracipita-
tion analysis as deseribed by Proiz et al. (19B4). Samples were
Incubated with antl-32 kd antibodles 1or 16 hr at raom temperature and
werg subsequently treated with S. aureus suspension (10% wtivol) for
30 min on ice. Immunoprecipltated radiolabeled proteins were sepa-
rated by SDS-PAGE and vlsualized by fluorography as above. in paral-
lel experlments, |dentlcally treated ceils were harvested by trypsiniza-
tion and homogenized by vortexing In double-distiled water (Galjaard,
1980). Enzyme activities were measured In cell homogenates with ars
tificlal 4-methylumbelifery! substrates using standard assay condl-
tions (Galjaard, 1880). Tetal protein concentratlons were determined by
the method of Lowry {1951). In some instances, immunoprecipltation
of radlolabeled protelns was carrled out using an antibody preparation
recoegnizing the cemponents of the complex, Including the 20 kd poly-
peptide (dAzzo et al., 1982). Immunapreciphtated material was divided
into two aliquots: ane was lefl untreated, and the other was subjected
to glycopeptidase F digestion for 16 hr at 37°C using condltions recom-
mended by the suppller, Treated and untreated proteins were resolved
and visuaiized as described above.
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We have isolated two cDNAs encoding human lyso-
somal g-galactosidase, the enzyme deficient in Gog-
gangliosidosis and Morguio B syndrome, and a §-ga-
lactosidase-related protein. In total RNA {rom normal
fibroblasts 2 major mRNA of about 2.5 kilobases (kb)
is recognized by ¢cDNA probes. A minor transcript of
about 2.0 kb is visible only in immunoselected polyso-
mal RN A, A heterogeneous pattern of expression of the
2.5-kb g-galactosidase transcript is observed in fibro-
blasts from different Gy, -gangliosidosis patients. The
nucleotide sequences of the two ¢cDNAs are extensively
colinear. However, the short cDIVA misses two noncon-
tiguous protein-encoding regions (1 and 2) present in
the long ¢cDNA. The exclusion of region 1 in the short
molecule introduces a frameshift in its 3'-flanking se-
quence, which is restored by the exclusion of region 2.
These findings imply the existence of two mENA. tem-
plates, which are read in a different frame only in the
nucleotide stretch between regions 1 and 2. Sequence
amalysis of genomic exors of the g-galactosidase gene
shows that the short mRNA is generated by alternative
splicing. The leng and short cDNAs direct the synthesis
in COS-1 cells of f-galactosidase polypeptides of S5
and 68 kDa, respectively. Only the long protein is
catalytically active under the assay corditions used,
and it is capable of correcting f-galactosidase activity
after endocytosis by G.n-gangliosidosis fibroblasts.
The subcellular localization of cDNA-encoded S-galac-
tosidase and B-galactosidase-related proteins is differ-
ent.

Acid §-p-gelactosidase (EC 3.2.1.23) is the lysosomal hy-
drolase that cleaves $-linked terminal galactosyl residues from
gangliosides, glycoproteins, glycosaminoglveans, as well as a
variety of artificial substrates (reviewed in Refs. 1, 2). The
gene coding for the human enzyme has been localized on
chromosome 3 (3). Muzations in the §-galactosidase locus
cause deficient or reduced enzyme activity and pathological
accumuiation of undigested metabolites in lysosomes. The
resulting metabolic storage diseases are Gwmy'-gangliosidosis

™ The costs of publication of this article were defrayed In part by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 173¢
solely to indicate this fact.

The nueleotide sequence(s) reported in this paper hos been submitted
(r}ng Eh)e GernBank™/EMBEL Date Bank with occcession ntmber(s)
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'The zbbreviations used are: Gy, IPNeuac-GgOse.Cer; SDS-
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and Morquio B syndrome (4-8), Among Guu-gangliosidosis
patients different clinical phenotypes have been described
that are classified as severe infantile, juvenile or mild infan-
tile, and adult forms with residual g-galactosidase activity
ranging from <1 to 15% of normal levels (reviewed in Refs.
1,7.

The biogynthesis and processing of §-galactosidase have
been studied in normal and mutant human fibroblasts, The
enzyme is synthesized as an 85-kDa precursor, which is post-
translationally precessed to the mature Iysosomal form of 64
kDa (8). In cells of an infantile and an adult Ga-gangliosi-
dosis patient, the precursor protein was found to be synthe-
sized in a low amount, but no mature form could be detected
(9). In a Morquio B cell strain, synthesis and processing of 3-
galactosidase proceed normally (9).

Lysosomal 8-gelactosidase has been purified to apparent
homogeneity from various sources and species (reviewed in
Ref. 2). In mammalian tissues (10, 11} a8 well as in human
cuitured fibroblasts (12) the majority of the active enzyme is
present i a high molecular weight appregate, and only a small
fraction of the enzyme is fourd as monomeric 64-kDa poly-
peptide. It has been demonstrated that the aforementioned
aggregate includes other glycoproteins: the heterodimerie 32-
20-kDa “protective protein” (8, 13-15) and, under certain
experimental conditions, the lysosomal neuraminidase (16).
It is likely that these three glyceproteins. S-galactosidase-
neuraminidase—protective protein, form a specific comnlex
within lysosomes since they copurify, by virtue of their asso-
¢iation, and they influence each other’s activity and stability
(16, 17). Recently, Oshima et al (18} have published the
sequence of the lysosomal 8-galactosidage, deduced from its
cDNA.

We report on the cloning, sequence, and expression of two
distinct ¢DNAs encoding the classic lysosomal form of the
enzyme and a f-galactosidase-related protein with no enzy-
mati¢ activity and a different subcellular localization. We
provide evidence that the latter derives from alternatively
gpliced precursor mRINA.

EXPERIMENTAL PRQCEDURES

Materigls—Restriction endonucleases were purchased from the
following companies: Boehringer Mannheim, Bethesda Research
Laberatories (BRL), New England Biolabs, Pharmacia LKB Biotee-
nology Ine., and Promegs Biotee. DNA polymerase, Klenow fragment,
was {rom Promegs Bictec. T, polynucleotide kinase, avian myelo-
blastosis virus reverse tranacriptase, M13 reverse sequencing primer,
deoxy and dideoxy nucleotides, pTZ18 and pTZ18 plasmid vectors
were obtained from Pharmacia LKB Bigtechnolegy Inc. T. DNA
ligase was from BRL. The sequenase and the sequencing kit were
purchased from United States Biochemical Corp. Tag polyvmerase
was{rom Cetus Corp. Immunoprecipitin {formalin-fixed Staphvlocous
aureus celis) and prestained molecular weight markers were from
BRL. Radionucleotides were obtained from Armersham Corp.: [o-7P)
dATP and [«-2PIdCTP, 3000 Cifmmel; [v-3*P1dATE, 6000 Ci/mmol;
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[0-8]dATPasS, >1000 Ci/mmol; [**S]methionine, >1000 Ci/mmol.
All other reagents were from standard commercial supphers, if not
specified otherwise. .

Cell Culture—Human skin fibroblasts from normal individuals,
four patients with Gy -gangliosidesis, and one oblipated heterozygote
were obteined froms the European Human Cell Bank, Rotterdam (Dr.
W. J. Klever). Fibroblasts were cultured in Dulbecco's medified
Eogle's medium/Ham's F10 medium (1:1 v/v) supplemented with
antibictics and 10% fetal bovine serum. COS-1 cells were grown in
the same medium supplemented with 5% feral bovine serum.

Protein Sequence Analysis—Human placental S-galactosidase was
purified together with neuraminidase and protective protein, as de-
stribed previously (17). The different components were separated by
SDS-PAGE, under reducing conditions according to Hasilik and
Neufeld (18). The 64-kDa $-palactosidase band was digested in sitv
with tosylphenylalanyl ehloromethyl ketone-treated trypsin (Wor-
thington Diagnostic Systems Ine., United Kingdom). Tryptic peptides
were fractionated by HPLC (Waters 6000 System) and sequenced by
aytomated Edman degradation on an Applied Biosystems 4704 gas-
phase peptide sequenator as described previcusty {15). For N-terminal
sequence analysis, approximately 50-100 ug of the purified complex
war separated as above, and the protein components were blotted
against Immobilon PVDV transfer membranes (Millipere Corp.). A
filter piece containing the §3-kDa protein was éxcised and used as
starting material for automated Edman degradation (20).

cDNA Library Screening—A buman testis cDNA library in Agtll
(Clentech, Palo Alto. CA), consisting of 1 % 10° independent clones
with insert sizes ranging from 0.7 to 3.3 kb, was plated owt at a
dengity of & % 10* plague-forming units per 90-rem plate and screened
with onti-g-galactosidase antibodies as described previously (21).
Antibody-positive clones were rescreened with oligonucleotide probes
labeled at the 37 end with P using v-*F and polynucleotide kinage
(22). The probes were svnthesized on an Applied Biosystems 3814
oligenuclectide aynthesizer. Hybridization and washing conditions
were a5 deseribed (23).

DNA Sequencing—HFGa(S) and HAGa(L) ¢DNAs and their re.
striction fragments were subcloned into plasmid vectors pTZ18 and
PTZ14. Nucleotide sequences on both strands were obtained by the
dideoxy chain termination methods of Sanger et al (24), for single-
stranded DNA, and of Murphy and Kavanagh (25), for double-
stranded DINA. M13 universal reverse primer and a synthetie cligo-
nucleotide were used. Sequence data were enalyzed using the program
of Staden (26).

Isclation and Sequencing of Genomic f-Galectosidase A Clones—A
buman EMBL-3 X library (kindly provided by Dr. G. Grosveld,
Erasmus University, Rotrerdam), derived froma DNA of leukoeytes of
a chronic myeloid levkemia patient. was screened with the 5 850-bp
EroRI fragment of ¢DNA clone HAGa({L). The inserts of three over-
lapping A clones were subcloned into the plasmid vector pTZ1E.
Sequences of genomic exons were determined by the chain termina-
tion method on double-stranded DINA, using synthetic cligonucleotide
primers derived from the g-galactosidase ¢DNA sequence.

RNA Isolation and Northern Bigt Hybridization—Total RINA was
isclated from cultured fibroblasts as deseribed (27). Polysomal
mRNA, immunoselected using antibodies raised against purified pla-
cental complex, was obtained following the procedure of Myerowitz
and Proia {28). RNA samples were clectropheresed on a 1% agarose
gel containing 0.66 M formaldehvde as described (29) and blotted
onto nylon membranes (Zeta-Probe). The filter was hybridized with
the ¢DNA probe lobeled accerding to the procedure of Feinberg and
Vogelstein (30).

Polymerase Chain Reaction—10-15 pg of total RNA and zbout 50
ng of polysomal RNA were reverse transcribed into single-stranded
cDNA using two antisense oligonucleotide primers and avian myelo-
blastesis virus reverse transcriptase. Subsequently, partial ¢<DNAs
were amplified In the presence of a third sense primer and Tag
polymerase as described (31), using a programmable DNA incubator
(BioExcellence). Amplified material was separated on 2% agarose
gels and blotted onto Zeta-Probe membranes. Filters were hybridized
using either type-specific olironucleotide probes or 2 80-bp Pstl DNA
{ragment. These probes were labeled as mentioned above.

Transtent Expression of g-Galactosidase cDNAs in £05-1 Cells—
Subcloning of the two ¢cDNAs into a derivative of the mammalian
expression vector pCD-X and conditions of rransfections of
pCDOHZGa constructs to COS-1 cells were as described previously
(15}. Labeling with [*S}methionine was carried out in the presence
or abaence of NH,Ci (19). Radiolabeled cDNA-encoded f-galactosid-
as¢ proteins were immunoprecipitated from cell extracts and medium
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concentrates according to the method of Proia et al. (32). Immuno-
precipitated proteins were resolved on SDS-PAGE under reducing
conditions. Radioactive bands were visualized by fluorography of gels
impregnated with Amplify (Amersham Corp.). Apparent molecular
weights were calculated with conventional marker proteins. §-Galac-
tosidase activity in COS-1-transfected cells was measured with arti-
ficial 4-methylumbellifery] substrate using standnrd sssay conditions
(7).

Uptake Svudies in Human Cells—The preparation of conditioned
media used in uptake studiés and the experimental conditions were
as reperted (15). Human recipient cells were from an infantile G-
gangliosidosis patient (Fig. 5, patient II), They were seeded on 6-well
plates 4 days before addition of conditioned medie, The uptake was
carried for a further 3 days, Cells were harvested by trypsinization
and homogenized by vortexing in double-distilled water, Enzyme
activities were messured in cell homogenates using 4-meth-
viumbeliferyl substrates (7).

Trdirect Immunefluorescence—For light microscopy, COS-1 cells
were transfected with pCDHBGa constructs as above, but omitting

“"the lsbeling step. Twelve hours hefore harvesting, transfected cells

were reseeded at a low density on coverslips. Fixation and immuno-
labeling were performed according to Ref. 33 using anti-f-galactosid-
age antibodies and goat anti- (rabbit IgG) conjugated with fluorescein
in the second incubation step.

RESULTS

Partial Amino Acid Sequence end Isolation of Antibodies—
The g-galactosidase, neuraminidase, protective protein com-
plex was purified from buman placenta, and its components
were separated by SDS-PAGE under reducing conditions. The
64-kDa g-galactosidase, electrocluted from the gel, was vsed
1o raise monospecific polyclonal antibodies in rabbit. This
antibody preparation, tested in biosynthetic labeling experi-
ments and Western blots, precipitates both mature and pre-
cursor forms of S-galactosidase (data not shown). In addition,
a gel slice containing the 64-kDa protein was digested in situ
with trypsin, and the resulting peptides were fractionated by
reverse-phase HPLC. Five of the oligopeptides were subjected
to automated Edman degradation, but only three of them gave
an unambiguous amino acid sequence (Fig. 1A4). We also
sequenced the N terminus of intact mature 64-kDa §-galac-
tosidase. A stretch of 18 amino acid residues was obtained in
this case (Fig. 1A, N-ter).

Tsolation and Characterization of tDNA Clones—Que tryptie
peptide sequence (T3} and the N-terminal sequence were used
to synthesize two oligonucleotide probes complementary to
the mRNA (Fig. 1B). Probe 1, a unique 45-mer, was con-
structed on the basis of codon usage frequencies in mamma-
lian proteins, whereas probe 2, a 17-mex, was degenerated. A
huoman testis Agtll c¢DNA expression lbrary was first
screened with anti-g-galactosidase antibodies. Several recom-
binant ¢lones were isolated and rescreened with both oligo-
nucleotide probes. One clone, NHSGa39, with a total insert
size of 1.7 kb, earried an internal EcoRI site which released,
upon digestion with EcoRI, two fragments of 500 and 1200
bp, hybridizing with probe 2 and 1, respectively. These results
supported the identity of the eDNA and defined its orienta-
tion. Partia] nucleotide sequencing of this cDNA revealed the
presence of a putative ATG transiation start codon, but the
absence of a polyadenylation signal. In vitro translation of
total RNA from cultured fibroblasts established a molecular
mass of about 73 kDa for the non-glycosylated 8-galactosidase
preproform.* Therefore, NHAGa29 could not contain the entire
coding region of S-galactosidase precursor. Rescreening of the
library with this cDINA probe yielded a clone, AH8Ga(L), that
consisted of a 3° EcoRlI fragment of 850 bp and a 3° fragmment
of 1550 bp. Both ¢DNAs were subcloned into pTZ18 and
pTZ18, subjected to restriction endonuclease anolysis, and

?G. T. J. van der Horst, unpublished data.
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A
Sample Azingacid sequence
Tl BEAV.AKKLYDILAR
T2 FAYGK
T3 AYTVAVDGIPQGVLER
N-ter QRMFEIDYSRPMDSFLEDGQ
B
Sample Oligeancleotide probes
T3 A Y ¥ A» ¥ D 6 I P (1)
GCC TAC GTG GET GIG GAG GGT ATC CCC
q G v L E R
CAG GGC GIG CIG GAG CGC
N-ter M F E I D 2)
ATG TTT Gah ATT GAT G4
c G C CT

A

Frc. 1. Partial amino acid sequences of placental S-galac-
tosidagse and oligonucleotide probes. A, T'I-T3 are the amino acid
sequences of three tryptic peptides derived from purified human
placental 8-galactosidose. M-ter indicates the amino terminal se-
quence of the mature protein, Asterisk refers to a discrepancy between
chemically derived and predicted amino acid sequences; unassigned
residues are indicated by X. Amino acids are identified by the single-
letter code. B, T3 and part of N-ter wore used to synthesize eligonu-
cleotide probes 1 and 2. Mismatches to the actual ¢cDNA sequence
are underlined.

EcoRl
Puull Pstifanl

BamAl
Alul

Bamil
Hincil Pstl  Pstl Patl

Ayl Adul

Fig, 2. Composite restrietion maps and sequencing strategy
of HiGa ¢cDNA clones. All restriction enzyme sites in the ¢DNAs
used for subcloning are shown. Arrows indicate the direction and
sxtent of sequencing reactions. Cross-haiched boxes represent the two
protein-coding regions not present in the short 3-galactosidase cDMA.
Broken arrows indicate sequenciog reactions used for the short ¢lone.
Arrows starting with a vertical line represent 5’ or 3 sequences of
independent eDNAs. The arrow starting with a selid square box was
& sequence reaction primed with a synthetic oligonucleotide. The
hatched and sofid bars are the 5°- and 3’-untranslated repions, re-
spectively.

sequenced using the dideoxy chain termination method (24).
In Fig. 2 a compendium of the partial restriction maps of the
two cDNAs is depicted together with the nucleotide sequenc-
ing strategy used. The complete sequences of HBGa39 and
HAGa(L} are combined in Fig, 3.

A common ATG translation initiation codon is found at
the 5 end of both ¢cDNAs (Fig. 3, position 51). This ATG
represents the beginning of an open reading frame for
HEGa(L) of 2031 nucleotides, which is interrupted by three
comsecutive stop codons, and it is flanked at the 3 end by a
318-nucleotide untranslated region. A putative polyadenvl-
ation signal {AATAAA) is present at position 2379. The
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sequences of the two ¢DNAs from their internal EcoR! site
toward the 3° end are identical, except that HBGa39 misses
the last 412 nuclectides including 94 bp of coding sequence
and the 3’-untranslated region with the polyadenylation sig-
nal. Although there is no direct proof that the 3* ends of the
mRNAs specifying the two ¢cDNAs are the same, S1 nuclease
protection analysis of this region did not reveal the presence
of differentially spliced transcripts (data not shown), There-
fore, it is Jikely that HEGa39 is a partial cDNA truncated at
the 3" end. In contrast, a comparison of the 5° ends of the
two clones revealed significant differences. The EcoRI frag-
ment encompassing the 5 end of H8Ga39 is 393 nucleotides
shorter than the corresponding fragment of HAGa(L}). The
missing sequences comprise two stretches (boxed in Fig. 3),
one of 212 nucleotides, between positiens 295 and 508, and
one of 181 nucleotides, between positions 602 and 784 (re-
ferred to as regions 1 and 2, respectively). Sequences imme-
diately flanking these regions are completely identical in the
two clones, If translation starts at the common ATG initiation
codon, the exclusion of region 1 causes & —1 frameshift
mutation in the open reading frame of HAGa39 which is
reverted by a +1 frameshift due to the exclusion of region 2.
In order to obtain a full length ¢cDNA bearing the short 5
end, we have substituted the 3° end EcoRI fragment of
HAGa39 for the HBAGa(L). The resulting ¢DNA construct,
HBGa{3), has an open reading frame of 1638 nucleotides,
which starts at the same ATG (position 51) and is interrupted
by the same stop codon as the long ¢DNA, These surprising
findings imply the existence of two S-galactosidase mRINA
templates, encoding proteins that are translated in different
frames in the 95-nucleotide stretch between the two regions.

To verify whether these two mRNAs arise by alternative
splicing, we have isolated genomic A clones spanning the area
of interest. The entire sequence of the exons encoding nucle-
otides 206-784 in HAGa(L) <DNA (Fig. 3) was determined.
In Fig. 4 the exons involved are schematically shown together
with their exon/intron boundaries. Region 1 in the long cDNA
is encoded by two exons of 151 and 61 bp, respectively, and
region 2 by one exon of 181 hp. A separate exon specifies the
95-bp sequence between these twe regions, The exact mapping
of the different exons within the gene has not been deter-
mined. These results confirm that the two g-galactosidase
transcripts derive from alternative splicing of the precursor
mRNA,

Predicted Primery Secquences of 3-Galactosidase and p-Ga-
lactosidase-related Proteins--As shown in Fig. 3, the two
¢DNA clones encode polypeptides of 677 and 546 amino acids,
respectively, which have the first 82 N-terminal residues in
common. These are followed, in the predicted sequence of the
leng ¢DNA-encoded S-galactosidase, by two noncontiguous
sequences (boxed in Fig. 3) of 71 amino acids (residues 83—
153) and 61 amino acids (residues 185-245), which do not
ocour in the short protein, referred to as §-galactosidase-
related, because of splicing out of regions 1 and 2. Conse-
quently, a unique stretch of 32 amino acids is found in the 2-
galactosidase-related protein (residues 83-114), which is dif-
ferent from the seguence between repions 1 and 2 (residues
154-185) in the long molecule.

All tryptic peptides as well as the N-terminal sequence of
64-kDa placental 5-galactosidase are found in the amino acid
sequence decuced from the cDNAs (Fig. 3, thick line). The
only disagreement is at residue 1 of T1 where the experimen-
taily determined residue is aspartic acid {Fig. 14), whereas
the amine acid predicted from the nueleotide sequence of the
two cDNAs is threonine. Both ¢DNA-enc¢oded proteins start
with a putative signal peptide which is characterized by an
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TGCGCAATGCCACCCAGAGGATGMGAMTPGACMTAGCCGGGACICCITCUFCAAGGATGGCMGCCATFICGCMCATCTCAGGMGCATTG%CIACTCCCGTGTGCOCCGCTTCT
M F E 1 5 R L KD GOQoPFPFEREYISGSIEYSEREYVYPRTFTY
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CTATICTTCTCOGCTCCTCCGACCCAGH TTACCTGGCAGCT R IR ACAAGTGETIGGGAC T CCTTCTGCCCAAGATGAAGCCTCTCCTCT ATCAGAATCGAGCGCCAGT TATAACACTGE
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L G $§EGQVVYESPS5AQDEASPELSEVWWERASYE KSA
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AG“J.TCMMTGMTATDGCAGCI‘AMuun.umk.mumACI‘A\.uowuu,uumGM CGCFITQ:CCACCATCTGGGGGATGATG‘I‘OGLTCIL‘ITHCCACIGATGGAGO\C
r' Y 5 X A C D R FLAQ R F R H L FT H

730 750 770 790 810 830
ATARBACATTCCTGAATETGGEGCLCTGRAGGGCCTCTACACCACGGTGEACT T TGO AACAGECAGCAACATCACAGATGCT TTCE TAAGCCAGAGGAAG TG T RAGCCCAAAGGACCET
KTFLKCCGALOCGLYTTVDFGTG GSNTITDARTFLS RKCEPKGEP

850 870 850 910 930 950
TCAT AN TCT GAXT TCTATACT CCCT GOUT AGATCAC TEGGGCCAACCTCAC TCCACAAT CAAGAC T AAGCAGT GO TTOC TOCC TC TATCAT AT ACTTGCCCCT GO GG AGTGT A
INSEFYTGEVLDPDHEVYVGOPHESTIKTEAVASSLYDPILARGATSVYHN

970 950 1010 1030 3030 1070
ACTTGTACA TG TTATAGGTGEGACCAATITTOCCT AT G RAATO G CCAAC TCACCOTATG CABCACAG L CCACCAGCTALGAL TATGATCUCCCACTRAGTRAGG CIGGLEACTTCA
LYY FIGGOCTUNTFAYYNGANSTPTYAAQQPTSYDYDAPLSESAGDTLT

1090

1110 1130 1150 1170 1190
CrgAGI&aA ¥ WGM&#ACATGATCCAGMG’I’I‘IEAAAMGT ACCACMGG‘I‘CUFATCCCTCCA‘ECIAC&CMGTNC&TAMAMGGTCACI’ETG%M&AWMGA

I S LY P LT T
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) CﬂmcmxtxhsﬂbgutLbéhl?%éLléw;&&ﬁ E.AAAAGCCITTAWCATHATCC\GGNMACAGO\TFAT&GGHTGI‘CCI'BTACCGG%C.‘\%CAEHCCTC

1330 1350 1370 1380 1410 1430
AAGATTGCAGCAACCCAGCACCTCTCT CTT CACECCT CAAT GRACTCCACG ATCG AG CATATG TTGCT G TGRATGGGAT COCCCAGGGAC TCCTTGAGCH AACAN TG IGATCACT LT A
DCSNPAPILSSPLEGYHDRAYVY AVDGIPQGEVLERTHNNWVIT.L

1450 1470 1490 1510 1530 1550
ACATAACAGGGAMCCICRAGCCACTCTGGACCTTCTGETAGAGAACAT GG ACGTG TGAACT AT TG CATATATCAACGAT T T TAAGGE T TCETTTCTAACCTCACTCTCACTTCCA
I TCKRAGATLDLLVYENHGRVYVNYOGAYINDTFXKGLY SNLTLSESS

1570 1590 1610 1639 1650 1670
ATATCCTCACGGACTGRACCATCI T CCACTGGACA S TCAGEATCCAGTGLGCAGCLACCTEREEEECT COGRACACCHTRACAGTGUCACCATGATCAAGCCTGLGULCACAALTCAT
I LTDPVTIFPLDTEDBDAVYRSHLGGVYGHRDSGHHDEATVWVAHNS

1690 1710 1730 1779 1740
CEﬁACI‘ACACGCI‘CC(BGCC;ﬂ"EATATGGGGMCTT CngﬂCCCAGTCGGATCCCAGACFC%mGGA&CCgH%‘CgAm;HgIgG TGGACC&&GEGC%AEETCTGGATTA

1810 1820 1850 1870 1890 1910
ATGGCTTTAACCTIGRCCG T ATTGGECAGC L LOGHG L e T CAGTTRACC T TG TT TG TG CCCCAG CACATC S TRATGACCTCHG CECCAAMCALCATCACCOTRCTCRARCTGEA
G FNLGRYUYPARGEPQLTLTFUV P ¢HITLHKTSAPNTITYVYLELEWRA A

1830 1950 1979 1990 2010 202
CACCCICCAGCJ\GT GﬁTgATgCAGAAC[ATGT GCTWW’%‘PD%IU%ACQGGWGTTATTGGCTCATCTGTGACCT AC!}ATO\TCCCLS'CCWCCTGTIEMQAAAGACIG‘\TGCCCC

2050 2070 2090 2110 2120 2150
G\COCECGC&AQAA%ACQMSI\?ECA@GGEI GEACHQT\?ATCATGATGMMGCCTGTCE CITTGACGCATTCTACCCTGAACATACCTICACAGATCCTCCCTGTCATOCCACATTICAC
Q R

2190 2210 2230 200
TGATJ.'GGMTGT GGAATCCAAACGAAT TTAGGATGTGCATI TTCACCTCAGGTTT! CCUI‘CCATCCCECCAGIGCD\AACCCCC&CCITGAGCCACCACCIGCMTCTGFGAGGGE.'J.‘CA

2290 2310 2330 2350 2370 2390
CAGCACAG T AMCGTGCATACATAT CTGCAGGGCTGGANT CAAGC T TTAAACGT GG TAGTGATTTTIAT I TTGGAAGAAT CATCTTACCTTT TTCTTAMTARANTTIGTACTCANATG

¥1c. 3. Combined nuclectide and predicted amino acid sequences of f-golactosidase cDNAs. The
numbers above the nucleotide sequence refer to HAGa(L) cDINA. Numbers on the right and on the left specify the
aming acids of the long and short S-palactosidase-predicted sequences, respectively. Amino acid sequences
corresponding to tryptic peptides and N terminus of the mature placental enszyme are indicated with a thick
underline. Potential M-linked glyeosylation sites are indicated with a thin undertine. The nucleotide and deduced
amino zeid sequences of regions 1 and 2 are boxed. The stretch of 32 amino acid residues in the short protein,
transiated from another frame, because of exclusion of regions 1 and 2, is shown below the eprresponding sequence
of the long -galactosidase, A putative polyadenylation signal is indicated with & double underline.
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Fic. 4. Exons involved in alternative splicing, gererating human g-galactosidase long and short
mRNAs. Boxes ropresent separate exons: nurnbers specily their length in base pairs. Interrupted fines depict
intronie sequences of unknown size. The sequences of ali exons have been determined except for the 5 end of the
left-most exon and the 3’ end of the right-most exon. as indicated by the vertical zig-zag lines. Sequences are

wdentical to the corresponding HAGa(L) ¢DNA sequence,
Small rrows specify splicing events generating the long 8-

splicing giving rise to the small §-galactosidase transeript.

N-terminal region including 2 positively charged residue (Arg-
7). a bighly hydrophebic core, and & pelar C-terminal dorain.
The most probable site for signal peptidase cleavage is Gly-
23 (34). Seven potential N-linked glycosylation sites are pres-
ent in the predicted primary sequence (Fig. 3, thin line). The
glycosylation site atv position 26 Is located immediately after
the signal peptide. and it is followed by 18 amino acids
(residues 29-46) that are colinear with the chemically deter-
mined N terminus of the purified placental enzyme. The
predicted M. of unglycosylated f-galactosidase and g-pajac-
tosidase-related protein, including the signal peptide, are
76.021 and 60.552, respectively. Their amino acid sequences
were cornpared with other sequences present in the NBRF
(release 19.0. December 31, 1988) and EMBL (release 18,
February 1989) data base. No significant homology was found.

RNA Hybridization Studies—The HEGa(L) ¢DNA insert
was labeled by random priming and used to probe total and
polysomal RNA isclated from cultured fibroblasts of normal
individuals, four Gy-gangliosidosis patients, and one heter-
ozygote. As shown in Tig. 5, an mRNA of about 2.5 kb is the
major transcript detected in normal fibroblasts. The same
hybridization pattern was obtained with total human testis
RNA (data not shown). When immunoselected polyscrmal
ENA 15 applied a faint minor band of about 2.0 kb becomes
visible. It is clear that this 2.0-kb apecies is present in a much
lower amount than the long mRNA. This difference in amount
is also reflected by the amount of respective cDNA clones
found in the library (1 versus 12).

The 2.5-kb mRNA is also detected in total RNA from
fibroblasts of the adult Gu;-gangliosidosis patient (Fig. 5).
However, the three infantile forms of the disease exhibit a
very different expression pattern. In the fixst patient (I}, a
faint broad band is visible. In some gels this band can be
resolved into two, one of which is slightly larger than 2.5 kb
{data not shown). The mother of this patient displays a
hybridizing band of normal size but somewhat less intense.
There is o detectable S-galactosidase transeript in the second
infantile patient (II}, whereas in the third patient (I} the
2.5-kb mRNA is present in a much lower quantity than in
controls, The Northern blot was rehybridized with a probe
recognizing the glyceraldehyde-3-phosphate dehydrogenase
mRNA (35). Signals of equivalent intensity corresponding to
this 1.2-kb message were detected in all samples (data not
shown). Taken together these results demonstrate that differ-
ent mutations must be involved in apparently similar G-
gangliosidosis ¢linical phenotypes.

Detection of Two mRNA Transcripts by PCR Amplifica-
tion—S3ince it is diffienlt to visualize the small mRNA mole-
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but only intron/exon boundaries (A t0 J) are shown.
galactosidase mBRNA; large arrows indicate the mode of
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FiG. 5. Northern blot anelysis of fibroblast RNA, Totzal and
polysemal fibroblast RNA from three nermal individuals and total
fibroblast RNA from an adult and three infantile Gu-gangliesidosis
patients os well as one heterozygote were fractionpted on a formal-
dehyde-agarose gel and probed with the HaGa(L} ¢DNA. The sizes
of the two 3-galactosidase transcripts are indieated. Exposure time
was 2 days.

cule on Northern blots, we decided to use the polymerase
chain reaction {PCR) to increase the detection level and to
screen specific regions of §-galactosidase mRNA(s) for the
presence or absence of regions 1 and 2. The strategy applied
in these experiments is depicted in Fig. 68. Three oligonucle-
otide primers were designed according to distinct complemen-
tary DNA sequences present in the two g-galactosidase clones
{sequences are given in the legend to Fig. 6). Their positions,
flanking or within regions 1 and 2, were chosen to direct the
synthesis and amplification of cDNA fragments representa-
tive for the two different mRNA species. Total RNA from
cultured fibroblasts and from human testis as well as polyso-
mal mRNA from fibroblasts were reverse transcribed into
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F1G. 6. Detection of two mRNAs for f-galactosidase by PCR
amplificntion, A, total (T Fibr.) and polysomal fibroblast (P. Fibr.)
RNA and total testis (T° Testis) RNA were used to synthesize single-
stranded cDNAs that were subsequently subjected 10 24 rounds of
amplification. Amplified products were separated on 2% agarose gels,
blotted, and hybridized with type-specific probes. E. coli tRNA was
included as control. Sizes of the amplified fragments are indicated.
Exposure times were 1 b for lanes 1-6 and 30 min for lenes 7 and 8.
B, the EcoR] fragment at the 5° end of both ¢DNAs is shown. The
triongles represent regiens 1 and 2; numbers correspend to the nu-
cleotide positions at their 3° and 37 ends. Solid bars 1, 2, 3 are the
primers used for cONA syntheses and PCRs. Arrows indicate their
sense and antisense orientations, The sequence of the antisense
primer 7 i 5'-AAGCATCTGTGATGTTGCTG-3"; of the antisense
primer 3 18 5-ACATTTCAGGAATGTTTTATGTGCT-3"; of the
sense primer 2 18 5-TGGAAGGACCGGCTGCTGAA-3. Cross-
hatched bars designate a 90-bp Pst] probe and two 20-mer oligonucle-
otide probes, The sequence of the 5"-oligonuclectide probe is 5'-
CCATCCAGAC/ATTACCTGGC-3"; of the 37 probe is 5-AA-
CAGTGCAG/GCAGCAACAT-I.

single-stranded ¢DNA using either antisense primer 1 or 3.
The polymerase chain reactions were subsequently performed
by adding the sense primer 2. Escherichic coli tRNA was used
in separate reactions as a negative control, Amplified material
was separated on agarose gels and Southern-blotted. In order
to unequivocaily distinguish between amplified fragments
originating from the short or the long mRNA, tvpe-specific
probes were used (Fig. §B, cross-hatched bars). Two 80-mers
were synthesized on the basis of sequences of the HeGal(5)
cDNA, which are colinear with the 10 nucleotides flanking
each end of regions 1 and 2 of HGa(L) (sequences are given
in the legend to Fig. €). These 20-mers hybridize, under
stringent conditions, only to the cDNA fragment derived from
the short mRNA. On the other hand the ¢DNA fragment
specifying the long mRNA is detected by a 90-bp Pstl probe
present in region 2. As shown in Fig. 84, fragments of 169
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and 498 bp, representing the short and the long mRNA,
respectively, are amplified in all samples and are identieal in
the two tissues tested (lanes I-3 and 6-8). The identity of
much fainter smaller bands present in lanes 6 and 8 15 un-
known. No hybridizing bands are visible in the tRNA lanes
(lones 4 and 5). It is noteworthy that the aforementioned
cDNA fragments can also be amplified from polysomal RNA.
This implies that the short transcript undergoes translation.

Transient Ezpression of 8-Calpctosidase cDNAs in COS-1
Cells—HAGa(S) and HAGa(L) ¢DNASs were cloned in sense
and antisense orientations into & derivative of the mammalian
expression vector pCD-X and transfected separately to COS-
1 cells. After 48 h, normal and transfected cells were ineubated
for an additional 16 h, with [*S]methionine. In some in-
stances the labeling step was done in presence of NH,CI to
induce maximal secretion of lysosomal protein precursors
(19). Radiolabeled proteins from cells and media were im-
munoprecipitated with anti-3-galactosidase antibodies. The
results are shown in Fig. 7. A §-galactosidase polypeptide of
85 kDa is detected intra- and extracelivlarly after transfection
of CO8-1 cells with pCDHAG=a(L)-sense construct (lanes I, 2,
and 7, 8). A protein of 68 kDa is synthesized and secreted
upon transfection with the pCOHAGa(S) -sense plasmid (lanes
3 and 8). Treatment with NH,Cl does not have eny detectable
influence. The estimated molecular mass of the large molecule
(85 kDa) correlates with that observed for the glycosylated 8-
galactosidase precurser immuncprecipitated in human cells.
The 68-kDa polypeptide is a form that was not noticed pre-
viously. These cDNA-derived proteins are mot present in
mock-transfected cells or in cells transfected with an anti-
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Fic. 7. Transient expression of pCDHAGa constructs in
COS-1 cells. The pCDHAGa(L) and pCEHAGa(S} cDNA constructs
in the sense (se, lones 1-3 and 7-9) and antisense (g, lane 4) orien-
tations were transfected to COS-1 cells. A mock transfection was
carried cut without the addition of DNA (lane 5). n.t. indicates not
transfected (lare 6). After 48 h cells were incubated with [*Simethi-
onine for an additional 16 h with and without NH,Cl {+ and —).
Labeled proteins from ¢ells and media were immunoprecipitated with
anti-g-galactosidase antibodies, analyzed on a 12% SDS.polyacryl-
amide gel, and visualized by fluorography. Molecular sizes were
caleviated by comparisen with protéin markers. Exposure time for
tanes I1-6 was 1 day and for lanes 7-9 was 1 week.
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gense construct (lanes 4 and 5). It appears, therefore, that the
antibody preparation used in these experiments hardly rec-
ognizes COS-1 endogenous §-galactosidase, since untrans-
fected cells also do not show any cross-reactive bands {lane
8). As scen in lanes 1 and 2, the ¢cDNA-derived 85-kDa 8-
galactosidase precursor is poorly processed into the mature
64-kDa form in transfected cells. This is due to the transfec-
tion procedure, as observed before (15). A 5-fold increase in
B-galactosidase activity above the endogenous COS-1 values
is measured only in cells transfected with the pCDHBGa(L)-
sense construct {Table I). Using the same assay conditions,
the S-galactosidase-related molecule is apparently not active,

We also tested whether the ¢cDNA-encoded proteins were
able to correct g-galactosidase activity in Gm:-gangliosidosis
cells. For this purpose,medium from COS-1 cells transfected
with sense or antisense pCDHAGa constructs as well as me-
dinm from mock-transfected cells were collected and concen-
trated. Aliquots of the different conditioned media were added
to the culture medium of fibroblasts frora an infantile Gyg-
gangliosidosis patient (patient Il in Fig. 5). After 2 days of
uptake, activities were measured in cel] hotmogenates using 5-
methylumbelliferyl substrate. As shown in Table II, CO8-1
cell-derived 85-kDa precursor taken up by Gon-gangliosidesis
cells corrects §-galactosidase actvity. In o similar uptake
experiment carried out using radiclabeled secretions frora
COS-1-transfected cells, we could demonstrate that the 85-
kDa precursor and the 68-kDa §-galactosidase-related protein
were taken up by the mutant cells, but only the 85-kDa
precurser was further processed to the mature 64-kDa form
(data not shown),

In orxder to determine the intracellular dissrbution of the
two proteins, indirect immunofluorescent staining was per-
formed on transfected cells using anti-g-galactosidase anti-
bodies and fluorescein-labeled second antibodies (Fig. 8). A
typical lysosomal distribution as well as uniformly diffuse
perinuclear labeling of B-galactosidase is observed in COS-1
cells transfected with the pCDHBGa(L)-sense construct (Fig.
84). However, a strong fluorescent labeling restricted to the
perinuclear region 1s present in cells sransfected with the
short construct (Fig. 85). Adjacent untransfected cells react
poorly with the human antibodies. Taken together, these
regults demonstrate that the long and short cONAs direct the

Taswe [
Activity of §-galactosidase in CQS-1 cells after transfection with
pCDHBGe plasmid DNAs
Plasmid mU"/mg protein
pCDHBGa{L)-sense 3.9
pCDHBGa(S)-sense 1.4
pCDHBGa(S)-anti ]
Mock-transfected 1.7
Not transfected 1.5

? One milliunit of enzyme activity is defined as the activity that
releases 1 nmol of 4-methylumbelliferone per min.
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synthesis of two proteins, one of which behaves as the classic
lysosomal B-galactosidase, whereas the other is not enzymat-
ically active at the pH value and substrate concentration used.
This g-galactosidase-related protein also has a different sub-
cellular localization,

DISCUSSION

We have isclated and characterized two distinet cDNA
clones encoding human lysosomal 8-galactosidase and a §-
galactosidase-related protein. In total RNA from normal hu-
man fibroblasts, a major mRNA of 2.5 kb is recognized by
c¢DNA probes. A minor transcript of about 2.0 kb is detectable
only in immunoselected polysomal RNA. The 2.5-kb g-galac-
tosidase mRNA is also present in fibroblasts from the adult
Gm;-gangliosidosis patient, but it is either absent or reduced
in amount in cells from three patients with the infantile form
of the disease. The pattern of expression of this g-galactosid-
ase mRNA in patients I and II is consistent with data from
immunoprecipitation studies that established the absence of
cross-reactive material for §-galactosidase in fibroblasts from
these patients.* Apparently, other infantile Guy-gangliosidosis
patients, not yet analyzed at the molecular level, do synthesize
B-galactosidase precursor {36). The adult and the third infan-
tile patient studied here were previously reported to synthe-
size a f-galactosidase precursor that did not get phosphory-
lated {37). This might still hold true for these two patients,
but the assumption made by Hoogeveen ¢t al. {37) that all
Gz-gangliosidosis variants are phosphorylation mutants is
not substantiated by the results presented here, Patients I
and I1, for instance, may represent splicing and/or promoter
mutants, Obvicusly, different or even the same clinical phe-
notypes are caused by distinet genetic lesions, and further
studies are needed to define the clinical and biochemical
heterogeneity ohserved in Gy-gangliosidosis patients.

The nucleotide sequences of the two cDINAs comprise open
reading frames that begin at a common ATG translation
initiation codon and terminate at the same stop codon. How-
ever, HAGa(L) is 393 bp longer than H3Ga(S). Its nucleotide
sequence is colinear with the human placental §-galactosidase
cDNA recently isolated by Oshima et al (18). The only
sequence differences we find are at nucleotide positiens 79 (T
instead of C), 650 (G instead of C}, and 651-653 (CGC instead
of GCG), resulting in the following amino acid changes: Leu-
10 instead of Pro-10 and Arg-201 instead of Ala-201. These
discrepancies may represent true allelic variations and/or
mistakes introduced by ¢DNA cloning procedures. The se-
quence of the short cDNA is virtually identical to the former,
but it misses two noncontipuous protein-encoding sequences,
regiona 1 and 2, present in the long clone. Furthermere, the
exclusion of region 1 in this ¢DNA introduces a frameshift in
its 3’-flanking sequence which is subsequently restored by the
exclusion of region 2. These unusual findings imply the exist-
ence of two distinet mRNA templates which, most remarka-

TaBLE I
Correction of -galactosidase activity in Gy-gangtiosidosis fibroblasts after uptake of COS-I celi-derived
B-pelactosidase precursor

Addition of C0S-1
cell-derived proteins

Transfection in COS-1
cells

Actlvity in Gun-mangliosidosia fibroblasts

B-Cralactosidase 3-Clucuronidase
microunit/mg protein milliunit/mg protein
pCDHBGa (L) sense + 234 248
pCDHEGa (3) sense + 65 212
pCDHEGa (8) sense + 76 .01
Mock + 12.3 3.58
- 7.5 1.88

88



20662

F16. 8. Immunocytochemical lecalization of f-galactosidase
proteins in transiently transfected COS-1 cells. A, transfection
with pCDHAGa(L) ¢DNA construer: B, transfection with pCDH-
8Ga(S) eDNA construet.

bly, are read in different frames only in the 33-nucleotide
streteh between regions 1 and 2. To our knowledge this is the
first example of such a configuration in 3 mammalian gene.

By sequencing genomic S-galactosidase clones, we could
demonstrate that nuclectides 296-784 of the 2.5-kb mRNA,
spanning regions 1 and 2 as well as their intermediate se-
quence, are encoded by four separate exons. As shown by the
sequence of the exon/intron borders, all four exons cbey the
GT/AG rule (38). These results strongly indicate that the
short mRNA is generated by a differential splicing process
that involves three exons. An increasing number of genes are
known to create protein diversity through the use of differ-
ential splicing (reviewed in Ref. 39). Among lysosomal pro-
teins this phenomenon has been observed for human S-glu-
curonidase mRNA (40). The genomic data also rule out the
possibility that the short ¢DNA is the product of a cloning
artifact. The amount of the short mRNA. however, must be
less than Y0 of the long one. if we consider the signal obtained
on Northern blots. Therefore, the existence of the two §-
galactosidase transeripts was further proven by PCR ampli-
fication of partial ¢DNA fragments specifying the two
mRNAs. The short transeript does not seem to be testis-
specific, since it is also deteeted in fibroblast total and poly-
somal mRN&, indicating that this transeript is actively trans-
lated in fibroblasts. It is not excluded, however, that the two
mRNAs mav be expressed in differential amounts in other
tissues.

The open reading frames of the long and short §-galacto-
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sidase cDNAs code for 677 and 346 amino acids, respectively,
with the first 23 residues in common representing a typical
signal peptide (34). Both proteins carry seven potential N-
linked glycesylation sites at identical positions, One of them
is located immediately after the signal sequence and precedes
the N-terminal sequence of mature 84-kDa placental 3-galac-
tosidase. From its location we can infer that the substantial
proteolytic processing of the 85-kDa §-galactosidase precursor
observed in human fibroblasts (3) as well as in mouse kidney
cells and macrophages (41, 42) must occur nearly exclusively
at the C terminus.

The two ¢DNAs direct the synthesis in COB-1 cells of
immunoprecipitable polypeptides, which are also recovered
extracellularly. The molecular mass of the long protein, 85
kDa, is in agreement with the apparent size of 8-galactosidase
glyeosylated precursor immunoprecipitated from human fi-
broblasts (8). The 68-kDa protein derived from the short
cDNA is a form that was not detected previously. Whether or
not this protein has a defined biological function is not known.
Although both polvpeptides are recognized by the antibodies,
the f-galactosidase-related protein is not catalytically active
under the assay conditions used. The same holds true for the
short S-glucuronidase protein (40}, Furthermore, even though
both cDNA-encoded proteins, 85 and 68 kD, are as efficiently
endocytosed by Gu-gangliosidosis fibroblasts, only the 85-
kDa precursor is further processed intracellularly and corrects
B-palactosidase activity.

The subcellular localization of COS-1-derived S-galactosid-
ase and F-galactosidase-related proteins is different. The long
B-galactosidase has 2 clear lysosomal distribution, whereas
the short molecule is found only in the perinuclear region.
The latter is likely to reach the Golgi apparatus, since it s
secreted into the extracellular space even without the addition
of NH,CL The differential subcellular distribution of the two
proteins might explain their distinet catalytic behavior. Fur-
ther studies are needed to define the function and substrate
specificity of the G-palactosidase-related protein. It will be of
interest to analyze the domains that are cither missing or
different in the two polypeptides.

This work together with our studies on the other compo-
nents of the complex. the protective protein and neuramini»
dase, will enable us to gain more insight in the fine mecha-
nisms of mutual eooperation between these lysosomal glveo-
proteins.
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The “protective protein” is the glycoprotein that
forms a complex with the lysosomal enzymes f-galac-
tosidase and neuraminidase. Its deficiency in man leads
to the metabolic storage disorder galactosialidosis, The
primary structure of human protective protein, de-
duced from its cloned cDNA, shows homology to yeast
serine carboxypeptidases.

We have isolated a full-length ¢DNA cncoding mu-
rine protective protein, The nucleotide sequences as
well as the predicted amino acid sequences are highly
conserved between man and mouse. Domains impor-
tant for the protease function are completely identical
in the two proteins, Both human and mouse mature
protective proteins covalently bind radiolabeled diiso-
propyl fluorophosphate. Transient expression of the
murine ¢cDNA in COS-1 cells yields a protective protein
precursor of 54 kDa, a size characteristic of the gly-
cosylated form. This ¢cDNA-encoded precursor, eado-
eytosed by human galactosialidesis fibroblasts, is proc-
essed into a 32- and a 20-kDa heterodimer and corrects
B-galactosidase and nenraminidase activities. A tissue-
specific expression of protective protein mRNA is gb-
served when total RNA from different mouse organs is
analyzed on Northern blots.

Galactosialidosis is a human autosomal recessive disorder
characterized by a combined deficlency of lysosomal g-b-
galactosidase {EC 3.2.1.23) and N-acetyl-a-neuraminidase
(EC 3.2.1.18) because of a primary defect in the protective
protein (1-3). Different ¢linical phenotypes exist in patients
with this discase, ranging from severe infantile forms to
milder late infantile and juvenile/adult types (1, 4).

In cultured human fibroblasts the first immuncprecipitable
form of the protective protein is a glycosylated precursor of
54 kDa, which undergoes post-translational processing (3).
The primary structure of human protective protein has been
determined recently through ¢DNA cloning (5). From the
deduced amino acid sequencge we could infer that the precursor
molecule is proteclytically cleaved into a mature heterodimer
of 32- and 20-kDa polypeptides, held together by disulfide
bridges (5).

* The costs of publication of this article were defrayed in part by
the payment of page charges, This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

The nucleotide sequence(s) reported in this paper has been submitted

. to the GenBunk™/EMBL Duata Bank with accession numberfs)
JSO526].
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It was shown earlier that in human cells the protective
protein associates with lysosomal B-galactosidase since it is
resolved togesher with the latter enzyme in a high molecular
masgs aggregate (600-700 kDa). This association promotes
multimerization of $-galactosidase monomers, which, in turn,
stabilizes the enzyme (8). In addition, neuraminidase can be
purified in an active and stable form together with 5-palac-
tosidase and the protective protein (7, 8). Although it is likely
that the catalytic site of human placental neuraminidase
resides on a 66-kDz polypeptide, the presence of the protective
protein is essential for expression of neuraminidase activity
(9). Taken together, these studies indicate that a complex of
f-galactosidase, neuraminidase, and protective protein may
be functionally present in lysosomes, but so far no data on
the stoichiometry of this corcplex have accumulated.

The primary structure of human protective protein (5)
shares homolegy with yeast carboxypeptidase ¥ (10), the
KEX] gene product (11), and certain plant serine carboxy-
peptidages (12-14). All these proteins have in common three
conserved amine acid stretches that include the serine and
the histidine residues essential for their catalytic activity (15
for review see Ref. 16 and references therein). This implies
that the pretective protein might function as a serine protease.

In order to define domains invelved in the proteolytic
activity of the protective protein and/or its binding to 8-
galactosidase and nevraminidase, we have isolated the cDNA
encoding murine protective protein. Our results show that
mouse and human cDNA sequences are largely homologous,
giving rise 1o almost identical proteins.

EXPERIMENTAL PROCEDURES

Materigls—Restriction endenuclopses were purchased from the
following companies: Boehringer Mannheim, Bethesda Research
Laboratories, New England Biolabs, Pharmacia LKB Biotechnology
Inc., and Promesga Biotec. DNA polymerase, Klencw fragment, was
from Promega Biotee. M13 universal and reverse sequencing prixers
and pTZ18 and 19 plasmid vectors were obtained from Pharmacia.
The synthetic oligonucleotide, used for sequence determination, was
synthesized on an Applied Bicsystems 381A ¢ligonucleotide synthe-
sizer. Sequenase and sequencing kit were purchased from United
States Biochemical Corp. Immunoprecipitin and prestained melecu-
iar weight markers were {rom Bethesdn Research Laboratories. BCA
protein assay reagents were purchased from Pierce Chemical Co. [e-
FPIEATP, [o-"P]dCTP (3000 Ci/mmol), [a-YSdATPS! (>1000
Cifmamol), [*S}methionine (>1000 Ci/mol), and PH]DFP (3.0 Ci/
mmol} were obtained from Amersham Corp. and Du Pont-New Eng-
land Nuclear. All other reagents were from standard commercial
suppliers, if not specified otherwise.

Cell Cudture—Fibroblasts from an eaply infantile galactosialidosis
patient {5) were obtained from the European Human Cell Bank,
Rotterdam (Dr. W. J. Kleijer). They were maintained in Dulbeeco's
medified Bagle's medivm-Ham's F-10 medium (1:1, v/v), supple-

' The abbreviations used are: dATP«S. deoxyadenosine 57-0-13-
thiotriphosphate); DFP, diisopropyl fluorophosphate: SD§. sodium
dodecvl sulfate: kb, kilobasefs).
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mented with 10% feral bovine serum and antibiotics. COS-1 cells (17)
were maintained in the same culture medium but supplemented with
only 5% fetal bovine serum.

Fsolation of cDNA Clones—Construction of the mouse testis cDNA
library in Agtl0 has been described previously {18). The mouse beain
c¢DNA library was prepared by D, M. according to the same procedure.
The testis ¢cDNA library was plated out ot a demsity of 2-3 % 10°
plaque-forming units/20 x 20-cm plate. Screening was performed
using the heterologous HuS4 cDNA as a probe (5, 19). Standard
hybridization and washing conditions were used except that the
washing temperature was lowered 1o 60 “C. Positive phages were
isclated after two further steps of plaque purification. The 1.2-kb
insert of clone AT2 was used 10 sereen the brain cDNA librazy, plated
out as deseribed above. This library was subsequently screened with
a 5° end fragment of the Hud4 cDNA (nucleotides 1-660 (5)). One
clone (AB1) positive in both hybridizations was selected for further
Investigation,

DNA Sequence Aralysis—Suitable restriczion endonuclease sites
in the inserts of AB1 and AT2 were used for subcloning of fragments
int¢ plasmid vecwors pTZ18 and pTZ19, Nucleotide sequences were
determined using the dideoxy chain termination method on single-
stranded DNA {20) and double-stranded DNA (21), The reaction
conditions were modified for use with [a-"*S]dATP«S and Sequenase,
a3 recommended by the supplier. Sequence date were analyzed with
the programs of Staden (22) and the University of Wisconsin Genetics
Computer Group (23). DNA and protein alipnments were done with
the latter software packoge.

Transfections in COS-! Cells—A BamH] restriction site, shared by
Bl and T2 cDNAs, wos used to construct full-length mouse protective
protein cDNA (Moeb4). The resulting composite EcoRI insert was
sub¢toned in two orientations into 2 derivative of the mammalian
expression vector pCD-X as described previously (5). Transfectiona
in COS-1 cells, metabelic labeling of transfected cells with [*S)
methionine, and preparation of cell extracts were performed as re-
ported earlier (5, 24}, Secreted proteins were concentrated 208-fold by
(NH,L)280, precipitation and desalted afterward on a Sephadex G-50
column (24). An aliquot (about 1%) was taken for direct analysis on
SD3-pelyacrylamide gel electrophoresis. The rest of the concentrated
medium from different transfection experiments was either used for
immunoprecipitation [about 25%) or in uptake studies {about 75%:
see below). Cell extracts and medium concentrates were immunopre-
cipitated with anti-human 32-kDa antibodies and resolved on 12.5%
polvacrvlamide gels under reducing conditions (25). Radicactive pro-
teins were visualized by flucrography of dried gels that had been
wreated with Amplify {Amersham Corp.).

Uptake of Proteetive Protein Procursors in Human Cells—Aliquots
of medium concentrates from transfected COS-1 cells were added to
the medium of fibroblasts from an eazly infantile galactosialidosis
patient. After 3 days of uptake, cells were processed for either im-
MUNoprecipitalion analysis or enzvme activity assays as reported
oreviously (5). The anti-human complex antibodies used in these
experiments have been described enrlier {3).

DFP-binding Assay—C08-1 cells, seeded in six-well plates, were
transfected with varicus pCD constructs as descrbed above and
maintained afterward in normal culture medium for 72 h. The cells
were then harvested by trypsinization, rinsed 3 X with phosphate-
buffered saline. and homogenized in ice-cold water. Confluens human
fibroblasts from a normal individuzl and the early infantile galacto-
sialidosis patient were cultured in six-well plates for 6 days and
harvested as above. Cell lysares were adjusted to .01 M sodium
phosphate, pH 6.3, and freeze-thawed once. To these homogenates 3
uCi of P"H]DFP was added. and binding of the inhibiter was allowed
for 1 h at room temperature. Radiolabeled preteins were imraunopre-
cipizated using the anti-human complex antibodies (3} and subse-
quently visualized by 3DS-polyacrylamide gel electrophoresis and
fluorography.

Northern Blot Analysis—Adult BCBA mice and fetuses at days 13,
16, or 19 of gestation were used a5 sources of tissues for RNA
extraction. Adult mice were killed by ¢ervical dislocation; tissues were
removed and immediately frozen in liquid nitrogen. Total RNA was
extracted using the methed of Autfray and Rougeon (26). 10-15 ug of
RNA from ussues and embrvos was dissolved in loading buffer
containing ethidium bromide and applied on 2z 0.8% agarcse gel
centaining 0.66 M formaldehvde (27). After electrophoresis, the RNA
was visualized by UV illumination ae 300 nm and subsequently blotted
onto a Zeta-Probe membrane (Bio-Rad) (27). Standard hybridization
and washing conditions were applied (28},
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RESULTS

Isolation of cDNA Clones and Nucleotide Sequence Analy-
sis—Human protective protein cDNA Hud4 (5) was used as
a probe to screen a mouse testis Agt10 cDNA library (18). Out
of 2-3 X 10° plaques, six positive clones were isclated, all with
an insert size of about 900 base pairs which hybridized with
the 3" end of the HuS4 cDNA (nucleotides 1200-1800) but
not with a 57 end probe. One clone, AT2 (Fig. 1), was selected
for further analysis, and its insert was used to sereen a mouse
brain Agtl0 c¢DNA lbrary. Out of 1.6 X 10° plaques, 33
recombinant clones were “detected, one of which (AB1)
strongly hybridized with a fragment of the humar ¢DNA
spanning base pairs 1-660 (5). Its insert was mapped relative
te Hu84 and T2 ¢DNAs. As shown in Fig. 1, Bl and T2
overlap partially and share a common BamH] restriction site
that was used to create a composite ¢DNA. The total length
of the two inserts (2.0 kb) was sufficient to contain all coding
information for a mouse protective protein having a size of
54 kDa.

B1 and T2 ¢cDNAs were subcloned separately and sequenced
on both strands using the strategy depicted in Fig. 1. The
complete nucleotide sequence and predicted amino acid se-
quence are shown in Fig. 2. The mouse protective protein
¢DNA Mao54 is 1987 nuclectides long. It can be divided into
a 5 -untranslated region, an open reading frame, and a 3”-
nencoding region of 213, 1422, and 352 nucleotides, respec-
tively. In the 5’-untranslated region, a putative translation
initiation codon is found at pesition 12. This ATG, however,
is immediately followed by a stop codon. A second ATG,
which starts at position 214, is in the correct context for
translation initiation {29) and could therefore represent the
true initiator, also by comparison with the human cDNA, In
the 3’-untranslated region, a putative pelyadenylaton signal
(ATTAAA) is present at position 1966-1971,

‘When Mo54 and HuS54 cDNAs are aligned at the nucleotide
level, the most striking feature is an identity of 72% through-
out their entire 3'-noncoding regions (Fig. 3). This is not due
to the presence of an open reading frame shared by human
and mouse cDNAs, Identity in the coding regions of the two
cDNAs i3 85%,

Predicted Amino Acid Seguence of Mouse Protective Pro-
tein—The open reading frame of 1,422 nucleotides in Mo54
c¢DNA encodes a protein of 474 amine acids (Fig. 2) with a
predicted M, of 53,844. The amino acid sequence of mouse
protective protein is highly hornologows to its human coun-
terpart, the identity being 87%. The alignment shown in Fig.
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Fi¢, i. Partial restriction map and sequencing strategy of
full-length Me54 cDNA. Overlapping clones, AB1 and AT2, were
isolated from mouse brain and testis cDNA libraries. respectively.
Their position with regard te the full-length Mod4 eDNA of 2.0 kb
{lower bar) is indicated by the top bars. Restriction sites used for
sequencing are shown. Arrows indicate extent and direction of se-
quencing reactions. The black box on one arrow represents a synthetic
oligonucleotide used for sequencing. Fatehed bars, 5'- and 3"-noncod-
ing reglons.
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TGOSGACCH T

P PRSI CCTRGER A L TaCEL

A AT TG TG oA A TG oA T AC CAG A CT RGO TACA G CAGAC TCL LAY B

LoCTe mm

CPCTTSTIGETCATECISTECTH
P A A )

w CLARCLACTYCCACTAGT

ATLCCIGAR!
FoRELT

TCITTCD TTCS oTC

Al AL CT S AT A AT A
Bh B aan P DG DL LOCLFCLAKGPESFRYT S 6 1L

AT AACTATTEAANGA

TTECE)

DS H FHY VYV FVYVELSTNDEFRNS PV L VLENG S FGCSSL DL L 3
. - w8l eI TTT G LA WCARCLCCTATGL T LLAAC T TCAT 7
F1G. 2. Nucleotide and predicted i Rl A e e e R e A R - s S
amino acid sequences of MoS4
. - offl mmvmmmrmmmﬂ AN T T AAMAT T LT G0 T T T TG OGEAA TACAAG SACARCAAACT TTTGITE
¢DNA. The composite nucleotide se- NSO KN V"hDTL\'AbNN.A;LKDF}RLDI‘E;LHN&L)‘L a6
quence is derived from ABl and ATZ. = PECAETTTECT
Nucleotidcsﬂrenumbfrﬂdonthekft: TCLSY)-EIYLPTLAVLUHQD?SHNL.CIELA\I'CN(.LASYL(IN 18t
the predicted amino acid sequence is Ba3 m , AACAALTET, P
red on the righ, Residue 1 is the o e e e B R i I R R v R v S e
first amine aeid (alanine) of precursor 81 GACTOTITAACANTETC TR ICTCT oG MCTCAACATCTACHAT CCeToT TAGATATEAGGATACA
N N SKJLCLSGLNlYhLYA!EnE(-\'FLNHh\LD: FioA
mouse protective protein. The proposed
proteolytic cleavage sites are indicated 08 T Ad T T C T EaC UL LA TTA L ACATIT TG L‘“‘““"““"*Wm'?“*émma 20
by vertical arrows. N-Linked glveosvla-
tion sites and the putative polyadenyl- 0 AT T s TR AT O T T TACACTATIOES T s
ation signel are underlined. Only ome Of AT " N
thetwoconsecuuvesmpcodonsm SN LN T U S s 0 R T 0T CUYNED VDK A GNFNG R L vy BoaT BT
marked by an gsterisk. Tid1l  ARCCACARCATS o (Tt T SLeT6EE
NA KRBV ek RV Y CE S CEQVYACTVYREGCGLHLITF LT : R C A 343

P

wC
LHA VR T oK F R

T »’&W’C’%Wﬂ AT ARETT LU CT Bl An CCCAT G AAT L CTE AL TACSTGAT R

P (hcharads 1
U8 GAC TCLLTARTCET ToTETACTAN T TGCATCLL SORTTRALSE

1801 TG Tt TCats "

1921 COACCLLLOTEGATEGATTET: TCHCTATACITIG

HU 1450 TGA—-CCACAGCAACE-——--ACCTCCACGC— CCTCATGC&GCCCCTCCCACCCTCTCC

IR EEL

AGCTTCCGCTGCM CCATCGAAATCCTD\CIACCT..AT-CAGC CETCTCCGCC’CI’ C‘T

MO 1640

HU 1502 CGETACGACnGTCCTCTTCTAAGCAAASTCCCCCTCCA(GCCGCTTCTGCCGCCAGG&C’

vogr Lo
C---J\CCACACAGGACECCICCGCTMTGLTCCC(H‘GGGG&ACTCCFCT-&MCTAMAC'T

KO 1699

HU 1561 GCCCC--CTTCECAGAGCCCTCTACATCCCAGACTCGGCC-CACGCTCTCCCAT«GACA’

KO 1735 CCCCRC&CTTCTCACA CTOETC

HU 1618

m0 1812

HU 1678

trodd ozvianasa:

CCCCACCACCCCAACAGA

MO 1865

HU 1747  GCTCAGGACACCCCACAGGGAGETCOTGEACGCACTCTAATTGATAGAT - -~ TCATTATG

IR TRT

MO 1505 CCT-AGAGAMCCG\-AGGJ\GGGGGCTIGGATGGATfG‘A;\HGATGmGACTMTTCTG

HU 1794 GAATTAAATTCBCTACAGCTTCAA

MO 1964 GM AMTDCCCTATACCTTCCA

F16. 3. Comparison of mouse and buman protective protein
¢DNAs at their 3’-untranslated regions. Identical nucleotides
are indicated by dotble dots, Niumbers to the lefz refer to the position
of the first nucleotide in that line, within mouse (M0) and human
(HLU) cDNA sequences.

reveals that only twe gaps need to be introduced in the
Mo54 sequence in ordex to obtain maximal similarity. There-
fore, it is likely that proteolytic processing in the mouse
preproform occurs in a similar fashion as in its human hem-
ologue. Based on this assumption, the most probable site for
signal peptidase cleavage is between alanines —1 and +1 (Fig.

2). Mereover, the amino acids surrounding these residues’

conform best to the consensus sequence for the peptidase
cleavage site (30), Thus, mouse protective protein can be
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FiG. 4. Alignment of predicted amine peid sequences of
mouse and human preproforms. Identical residues are boxed:
numbers sbove and below the sequences refer to amine acid positions,

divided into three major domains: a signal sequence of 23
amino acids (—23 to ~1 in Fig. 2), and a 32-kDa and a 20-
kDa component of 297 and 154 residues, respectively. Their
identity with the corresponding sequences in the human pro-
tein is 70% (signal sequence), 88% (32 kDa), and 91% (20
kDa).

Domains that are implicated in the protease activity of
known serine carboxypeptidases isolated from yeast and
plants are maintained in mouse and human prote¢tive pro-
teins. These domailns, spanning amino acids 53-62, 148-153,
and 427-431 in the mouse protein (Figs, 2 and 4), include the
egsential residues Cys™, Ser'™, and His*®. The corresponding
serine residues in different yeast carboxypeptidases have been
proven to be present in the active site (11, 15, 31).

Twe potential glycosylation sites are present in the mouse
protective protein (underfined in Fig. 2) which are located at
positions identical to the human protein.

A notable difference between MoS54 and HuS54 predicted
amino acid sequences is the presence of 2 extra cysteines in
the mouse protective protein, which are found at the amino

a7
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and carboxyl termini of 32- and 20-kDa poiypeptides. respec-
tively.

Expression: of Mo54 cDNA in C0S-1 Celis and Uptake of
cDNA-encoded Precursor by Humen Cells—In order to dem-
onstrate that the Mo54 sequence encodes a functional protee-
tive protein, the ¢DNA was cloned in two orientations
(pCOMo54 sense and antisense) into a derivative of the
mammalian expression vector pCD-X and transfected into
COS8-1 cells (5). For comparison, parallel transfections were
performed using pCDHuS4 constructs (5). Transient gxpres-
sion was detected 2 days after transfection by [*S)methionine
labeling of newly synthesized proteins in the presence of 10
mM NH,Cl to induce maximal secretion of lysosomal protein
precursors (25). Radiclabeled proteins from cell lysates and
medium concentrates were immunoprecipitated using anti-
human 32-kDa antibodies. As shown in Fig. 5, the Mo54
¢DNA directs the synthesis in COS-1 cells of a protein of
about 54 kDa which is partly secreted into the medium (Fig.
5, lares 1 and 5). This polypep:ide appears somewhat bigger
than its human counterpart (Fig. 5, lanes 3 and 7), and it
seems 0 be synthesized in less amount. However, when a
small aliquot of total secreted proteins from transfected COS-
1 cells was directly analyzed by SDS-polyacrylamide gel elec-
trophoresis, it became clear that the quantity of mouse pro-
tective protein precursor present in the medium is comparable
to that of its human counterpart (Fig. 5. Janas 5-12). Appar-
ently, the anti-human 32-kDa antibodies precipitate the
mouse protective protein to a much lesser extent. COS-1 cells
transfected with antisense constructs do not give rise to major
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Fi¢, 5. Transient expression of mouse and human cDNAs.
COS-1 cells were transfected with pCDMo54 and pCDHub4 sense
{5) and antisense {A) constructs, After transfection, newly synthe-
sized proteins were labeled with [*S)methionine in the presence of
10 mm NH,CL Labeled proteins from cells and media were imrmuno-
precipitated using anti-human 32-kDa antubodies (ianes I-8). Small
aliquota of secreted proteins were kept for direct analysis (lanes 9—
12). Molecular size markers are indicated at left, Exposure time for
lanes -3 was 16 h for lenes 5-8, 48 h: and for lanes 9-12, 72 h.
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imomunoprecipitable products (Fig. 5, lanes 2, 4, 6, and 8).

Previous experiments have demonstrated that the Hub4
c¢DNA-encoded precursor, secreted by COS-1 cells, is endo-
cytosed by human galactosialidosis fibroblasts, resulting in
correction of §-galactosidase and neuraminidase activities In
these cells (5). To compare the biological activity of mouse
and human protective proteins, similar uptake studies were
performed using early infantile galactosialidosis fibroblasts as
recipient cells. Seereted proteins from COS-1-transfected cells
were concentrated and added to the medium of confluent
human fibroblasts. After 3 days of uptake, cells were harvested
for either immunoprecipitation analysis or enzyme activity
assays. As shown in Fig. 6, COS-1 cell-derived mouse protes-
tive protein precursor is endocytosed and processed intracel-
lularly to a 32- and 20-kDa heterodimer (Fig. 6, lane I). The
mouse 32-kDa polypeptide is bigger than its human homo-
logue, whereas the two 20-kDa forms sre similar in size (Fig.
6, lortes 7 and 3). The anti-human complex antibodies used
in this experiment also show a reduced affinity for the mouse
protective protein components. Taken together, the data on
sequence homology, transient expression, and uptake suggest
that mouse protective protein is synthesized, proteolytically
processed, and glycosylated in a way comparable to the human
protein.

In fact, cDNA-encoded mouse protective protein precursor

S
Fi6. 6. Uptake of COS-1 cell-derived mouse and human
protective protein precursors by human eells. Labeled proteins,
secreted by transfected COS-1 cells, were added to the medium of
fibroblasts from an early infantile gelactosialidosis patient. After 3
days of uptake, cells were lysed and proteing immunoprecipitated
using anzi-human complex antibodies, Four separate uptake experi-
ments were performed by adding concentrated medium from COS-1
cells transfected with pCDMob4 sense {{ane I3, pCDMob4 antisense
{igne 2), pCOHu34 sense (lane 3), and pCDHu54 antisense (lane 4).
Moleeular sizes were calculated by comparison with protein markers,
Exposure tirne was 10 days.
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can substitute for its human counterpart since it is able to
correct A-galactosidase and neuraminidase activities after en-
docytosis by early infantile galactosialidesis cells (Table ).
The increase in g-galactosidase activity is comparable irre-
gpective of the fact that mouse or human protective proteins
are used. On the contrary, correction of neuraminidase activ-
ity seerns to depend upon which protein is added to the culture
medium.

Protective Proteins Bind to the Serine FProtease Inhibitor
DFP—From our data it is clear that mouse protective protein
preserves one of the biological functions of the human protein,
namely the interaction with S-galactosidase and neuramini-
dese. Given the high degree of homology with certain known
serine carboxypeptidases, we investigsted whether both
mouse and human protective proteins are 2 member of this
family of enzymes. In general, serine proteases can be distin-
guished from other proteases by their sensitivity to the inhib-
jtor DFP.

‘We made use of [*H]DFP to detect directly the binding of
this inhibitor to the two protective proteins. Experiments
were performed using COS-1 cells transfected with pCDMo54
or pCDHu54 plasmids. As already seen in Fig. 5, protective
protein precursors are synthesized intracellularly in large
amounts, bat they are very poorly or not at all proteclytically
processed. Using slightly different experimental conditions,
partial proteolytic cleavage of the precursor roolecules to their
respective mature forms can be observed {data not shown).
Unlabeled cell extracts of COS8-1 cells transfected with the
aforementioned sense or antisense construets were incubated
with PH]DFP. Human fibroblasts from a normal individual
and the early infantile galactosialidosis patient were treated
in the same way. Radiolabeled proteins were immunoprecip-
itated afterward with anti-human complex antibodies, re-
solved by SDS-polyacrylamide gel electrophoresis, and visu-
alized by flucrography.

As shown in Fig. 7., only the 32-kDa component of hetero-
dimeric mouse and human protective proteins binds [*H]DFP.
After transfection with pCDHub4, a large amount of radiola-
beled 32-kDa polypeptide is immunoprecipitated with anti-
hurnan complex antibodies {(Fig. 7, lane 3). As observed before
(Fig. 6), the mouse 32-kDa form is bigger in size and is
precipitated less efficiently with these antibodies {Fig. 7, lane
I}). The faint band visible throughout lanes -4 represents
endogenous COS.1 mature protective protein which is of the
same size as the human protein. The [PHJDFP labeling
method is sensitive enough te detect human 32-kDa protective
protein in normal fibroblasts (Fig 7, lane 5), and it is highly
specific since no labeled protein can be seen in the early

TaBLE I
Correction of S-galactosidase and neuraminidase activities in
galactosialidosis fibroblasts after uptake of C0S-1 cell-derived humer:
and mouse protective profein precursors

Activity in galactosialidosis

'I‘rggssiecﬁon in COSA»- ?Ldé:-ll?-%:fived {ibroblasta
1 cells -
proteins B-Golactosidase Neuraminidnase
miliind 'I:.f'_n’m;; microunits*fmg
protein protein
pCDMo54 (sense) + 4.9 147
pCDHEu54 (sense) + 5.0 250
pCDMob4 (antisense) -+ 1.1 g
pCDHub4 (antisense) + 1.0 13
Mock + 10 10
- 0.5 8

* One milliupit of enzywne activity is defined as the activity that
releases 1 nmol of 4-methylumbelliferone/min.

* Ope microunit of enzyme activity is defined as the activity that
releases 1 pmol of 4-methylumbelliferone/min.

28
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2| Mo54

i icells: Ceells B

FiG. 7. Labeling of protective proteins with PHIDFP. Cell
extracts of COS3-1 cells wransfected with pCDMo54 sense (lane I) ot
antisense (lane 2), and with pCDHu54 sense (fane 3) or antisense
{lane 4) as well as extracts of normal (I, fane 5) and galactosialidosis
(G8, lane 6) fibroblasts were incubated with [PH]DFP. Labeled. pro-
teins were immunoprecipitated with anti-human complex antibodics,
resolved on 2 12,6% SDS-pelyacrviamide gel, and visualized by fluo-
ropraphy. Molecular size markers are indicated at left. Position of the
32-kDa components Is indicated at right. Exposure times for lznes -
4 was 48 h and for lanes 5 and 6, 6 doyvs.

infantile galactosialidosis fibroblasts (Fig. 7, lane 6). It is
noteworthy that the respective precursor forms cannot bind
the inhibitor. From these results we can infer that mouse and
human protective proteins function also as serine proteases,
and they are active after conversion to their heterodimeric
state.

Tissue-speeific Expression of Motse Progective Protein
mRNA—To determine the size and abundance of mouse
protective protein mRNA, we analyzed total RNA isolated
from several mouse tissues on a Northern blot. Samples were
applied in equal amounts, and the blot was hybridized using
the complete Mo54 cDINA as a probe. As shown in Fig. 8, all
tissues investigated contain a protective protein transeript of
about 2.0 kb. Thus, the composite Mo34 ¢DNA is probably
full-length. In spleen, brain, heart, and ovarium, & transcript
of slightly longer size is also detected (Fig. 8, lenes 2, 4, 7, and
11). In two of these tissues, brain and heart, this mRNA is
present in nearly equal amounts as the major 2.0-kb species.
Faint bands of much bigger size, visible only in few of the
samples, may represent precursor mBEINA. A tissue-specific
expression of the 2.0-kb protective protein mRNA is cbserved,
with high amounts present in kidney and placenta and low
amounts in testis (Fig. 8, lenes 8, 10, and 12). The latter result
explains the low yield of recombinant phages isolated from
the testis cDNA library.
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— Thymus

i Heart

i Spleen

F1G. 8. Expression of protective
protein mRNA in different mouse
tissues. Total RNA was isolated from
different mouse tissues and embryos at
indicated days of gestation, Samples of
10-15 xg were fractionated ¢n & formal-
debvde-ngarose gel, transferred to Zeta-
Probe membranes, and probed with the
composite Mo34 ¢cDNA, Ribosomal RNA
rmarkers are indicated. Exposure time
was 3 daya.
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DISCUSSION

The purpose of the work presented here was to charagterize
the mouse counterpart of human protective protein in order
to gain insight in the primary strueture of the protein and to
select out conserved domains responsible for its function(s),
We have isolated a full-length mouse cDNA encoding a bio-
logically functional protective protein.

At the amine acid sequence level, mouse and human pro-
teins are highly homologous. This stringent conservation
agrees with a multifunctional role for the protective protein,
namely stabilization of g-galactosidase. activation of neura-
minidase, and a putative protease activity that might relate
to the other two functions. The mouse protective protein
contalns 2 extra cysteines located at the aming terminus and
carboxyl terminus of 32- and 20-kDa components, respec-
tively. These residues might be responsible for the formation
of another disulfide bridge that, in turn, could influence the
folding of the protein. The remaining cysteines are in identical
positions in mouge and human protective proteins, Since their
total number is uneven, at least 1 free sulfhydryl group should
be present in both protective proteins. The mouse 54-kDa
precursor as well as the mature 32-kDa gomponent are bigger
in size than the ¢orresponding human forms. The simplest
explanation is that differences in amino acid composition
cause retarded electrophoretic mobility. Nonetheless, we can-
not exclude that signal sequence cleavage occurs amine-ter-
minal to the predicted site, since amino-terminal sequencing
of mouse precursor protein has not been performed.

We have shown that both mouse and human protective
proteins can bind the inhibiter DFP. These results strongly
suggest that these proteins are either serine proteases or
esterases, although direct inhibition studies with DFP could
not be performed since an enzymatic assey for the protective
protein is not yet available, Radiolabeled DFP can bind only
to the 32-kDa and net to the 20-kDa component of the mature
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heterodimer. This conforms with the location of the serine
active site within the 32-kDa part of the polypeptide. Fur-
thermore, the results indicate that the precursor molecule is
net proteclytically active, hence behaving like a zymogen.

Based on their homology with well characterized proteases
from lower organisms (10, 11, 15) and plants (12-14), the two
protective proteins can be included in a newly delineated
family of serine carboxypeptidases (15, 16, 32). For carboxy-
peptidase Y and the KEX1 gene product, the active site serine
has been determined (11, 31). This residue resides in a streteh
of 6 amino actds (Gly-Glu-Ser-Tyr-Ala-Gly) that are identical
in all proteins of this family {7 in total) but differ from the
amino a¢ids surrounding the active site serire in serine en-
dopeptidases [Gly-Asp-Ser-Gly-Gly-{Pro)} (33 It seems,
therefore, that the Gly-Ghu-Ser-Tyr-Ala-Gly domain is a pre-
requisite for serine carboxypeptidase activity, Moreover, it
has been suggested that, Iike in endopeptidases, the essential
serine residue in carboxypeptidases is activated by the con-
certed action of 2 other residues: a histidine and an aspartic
acid (16). These 3 amino acids form the sc-called “catalytic
triad.” Comparison of the 7 serine carboxypeptidases at the
amine acid level shows that Hig'®, Asp®®, and Asp™ in the
mouse protective protein are the only histidine and aspartic
acid residues conserved throughout the family. The involve-
ment of any of these amino acids in the formation of the
catalytic triad is currently investigated by site-directed mu-
tapenesis. Finally, it is remarkable that the protective proteins
show structural similarity with plant serine carboxypepti-
dases, whick are also heterodimeric proteins, with subunits of
size similar to the 32- and 20-kDa components (16).

The uptake studies described here have shown that mouse
protective protein can replace its human homelogue in early
infantile galactosiakidosis cells as far as the correction of 8-
galactosidase and neuraminidase activities is concerned. Qur
results support the data of Mueller et ol {34), who tonstructed
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mouse-human somatic cell hybrids to localize the penea en-
coding human neuraminidase and protective protein to chro-
mosomes 10 and 20, respectively. These authors observed in
hybrids retaining chromosome 10 but lacking chromosome 20
an Increase in human neuraminidase activity over the mouse
background. This is very likely due to the presence of endog-
enous mouse protective protein. It 13 important to notice that
the increase of S-galactosidase activity is apparently not in-
fluenced by the type of protective protein added, indicating
that mouse and human precursors are as efficiently endocy-
tosed by the human cells. The correction of neuraminidase
activity instead seems to be species dependent. This might
reflect a differential interaction between the latter enzyme
and either of the two protective proteins, due to changes in
their tertiary structures. From these data we have a further
indication that the determinants responsible for the interae-
tion of protective protein with S-galactosidase and neuramin-
idase are clearly distinct (9).

A surprising finding in the nucleotide sequence comparison
is the high degree of similarity throughout the 350-base pair
3’-untranslated regions of protective protein ¢DNAs. There
are examples of mRNAs that contain sequences in their 3'-
noncoding regions which regulate mRNA turnover (35-37).
No obvious homology to the consensus sequence is found in
the 37-noncoding regions of the protective protein transeripts,
yet their similarity suggests a possible involvement of these
secquences in the folding and stabiiity of the mRNA. Whether
this feature relates to the observed tissue-specific expression
of mouse protective protein mRNA remains to be investigated.
In addition, we need to clarify the nature of a transcript
slightly bigger than the mejor 2.0-kb mRNA present in con-
sideruble amounts in spleen, brain, heart, and ovarium. This
species might arise from alternative splicing of the precursor
mRNA, A number of genes encoding lysosomal proteins,
including 8-galactosidase, bave recently been shown to gen-
erate diversity through such a mechanism (38—40). It will also
be relevant to examine whether the expression of the protec-
tive protein transcript in different tissues correlates with the
expression of §-galactosidase and neuraminidase mRNAs,
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The protective protein was first discovered because
of its deficiency in the metabelic storage disorder gal-
actosialidosis. It associates with lysosomal g~galacto-
sidase and neuraminidase, toward which it exerts a
protective function necessary for their stability and
activity. Human and mouse protective proteins are
homologous to yeast and plant serine carboxypepti-
dases. Here, we provide evidence that this protein has
enzymatic activity similar to that of lysosomal cathep-
gin A: 1) overexpression of human and mouse protec-
tive proteins in COS-1 cells induces a 3—4-fold increase
of cathepsin A-like activity; 2) this activity is reduced
to ~1% in three galactosialidosis patients with differ-
ent clinical phemotypes; 3) monospecific antibodies
raised against human protective protein precipitate
virtuzlly all eathepsin A-like activity in normal human
fibroblast extracts. Mutagenesis of the serine and his-
" tidine active site residues abolishes the enzymatie ac-
tivity of the respective mutant protective proteins.
These mutants, however, behave as the wild-type pro-
tein with regard to intracellular routing, processing,
and secretion. In contrast. modification of the very
conserved Cys® residue interferes with the correct
foiding of the precursor pokvpeptide and, hence, its
intracellular transport and processing. The secreted
active site mutant precursors, endoeytosed by galne-
tosialidosis fibroblasts, restore S-galactosidase and
neuraminidase activities as effectively as wild-type
protective protein. These findings indicate that the
catalytic activity and protective function of the protec-
tive protein are distinct.

Intralysosomal degradation is a composite process that is
largely controlled by & battery of acidic hydrolases, The ma-
Jority of these glycoproteins are synthesized on membrane-
bound polysomes as high molecular weight precursors and
routed to the lysosomes via a series of compartment-depend-
ent posttransiational modifications. For the stepwise catabo-
lism of different macromolecules to accur efficiently, a nurm-
ber of these kydrolases must work in concert and might,
therefore, reside in a multienzymie complex. An example of
such & complex could be the one consisting of lysosomal 3-
galactosidase (EC 3.2.1.23), N-acetyl-a-neuraminidase (siali-
dase, EC 3.2.1.18}, and the protective protein {1-3}. In human

" The costs of pablication of this anticle were defraved in part by
the payment of page charges. This nrticle must therefore be hereby
marked “odvertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.
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4087212,
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placenta (3), bovine testis (2), and percine spleen and testis
(4, 5) these three glycoproteins copurify through an affinity
matrix for 3-galactosidase.

The association of the protective protein with g-galactosid-
ase and neuraminidase is essential for the stability and activ-
ity of these two glycosidases within the lysosomes (3, 6, 7).
This 1s reflected by the existence of the metabolic storage
disorder galactosialidosis(8), in which a primary defect of the
protective protein results in a combined 3-galactosidase/neur-
aminidase deficiency (1, 8). Among galactosialidosis patients
distinct clinical phenotypes exist, ranging from severe early
infantile forms in which visceromegaly with nephrotic syn-
drome, heart failure, and other abnormalities lead to early
death or fetal hydrops, to milder late infantile and juvenile/
adult variants {8, 10). Biochemical heterogeneity within these
recognized phenotypes has also been observed (11, 12).

In human cultured fibroblasts the protective protein is
synthesized as a precursor of 54 kDa which s proteolytically
processed inte a mature two-chain form of 32- and 20-kDa
polypeptides linked together by disulfide bridges {1, 12). The
predicted amino acid sequences of humen as well as mouse
protective proteins are homelogous to veast and plant serine
carthoxypeptidases (12, 13). Both protective proteins react
with the serine protease inhibitor DFP,' but only in their
mature state (13). Together these findings allowed us 1o
predict 2 serine carboxypeptidase activity for the protective
protein that is apparently synthesized and transperted to the
lysosomes as a symogen. Some of its characteristics correlate
well with those of a previcusly identified carboxypeptidase,
cathepsin & (EC 3.4.16.1). This enzyme has been partially
purified from different sourees (14) and was shown to exist in
small and large apgregate forms {15). In the native small
aggregate, subunits with molecular masses of 20, 25 and 55
kDa are present, of which the 25-kDa polvpeptide reacts with
DFP (16). Besides its carboxypeptidase activity, optimal at
acidic pH, cathepsin A can also function as a peptidyl ami-
noacylamidase (14, 17). Recently, 2 deamidase/carboxypepti-
dase purified from human platelets was shown to have se-
quence identity to the NHa termini of the protective protein
chaing {18). Enzymatic characterization of this deamidase
with a variety of substrates and inhibitors also suggested a
similarity to cathepsin .

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

' The abbreviations used are: DFP, diisopropyifluorophosphate:
MES, 2-{N-morpholinolethanesulfonic acid; Z, benzyloxyecarbonyl:
be, basepairisk: Ga, [FNauAe-GgOae'Cer; anti-54, antibodies raised
amainst recombinnns human protective protein: anti-32, antibodies
raised against the mature denatured human 32-kDa protective protein
subunit; ER, endoplasmic reticulum.
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directed mutagenesis of the human protective protein that its
cathepsin A-like activity can be separated from its protective
function toward #-galactosidase and neuraminidase.

EXPERIMENTAL PROCEDURES

Celt Culture—Human skin fibroblasts from normal individusls,
potients with the carly infantile (19) and juveniie/adult (20) forms of
palactosialidesis, and a Gur-gangliosidosis patient were obtained from
the European Cell Bank, Rotterdam (Dr. W. J. Kleijer). Cells from
the late infantile galactesialidosis patient {21) and both parents were
provided by Dr. G. Andria, Dept. of Pediatrics, University of Napels,
Italy, Fibroblasts were maintained in Dulbeceo’s modified Eagle's
medium, Ham's F10 medium {1:1 v/¥) supplemented with antibiotics
and 10% fetal bovine serum, COS-1 cells (22) were grown in the same
mediym, supplemented with 5% fetal bovine serum.

Enzyme Assays—For enzyme activity assays and immunotitration
experiments cells were harvested by trvpsin treatment and homoge-
nized in double-distilled water. When necessary, cell lysates were
subsequently diluted in 20 mM sodium phosphate, pH 5.9, centaining
1 myg/ml bovine serum albumin. Cathepsin A activity was measured
in ¢ell homogenates using a modirication of the method of Taylor and
Tappel (23}. Briefly, 5 gl (2-10 ug of protein) of cell homogenates
were incubated for 30 min at 37 °C in 100 ul of 50 ram MES, pH 5.5,
1 mym EDTA, in the absence or presence of 1.5 mM N-blocked
dipeptides Z-Phe-Ala, Z-Phe-Leu, or Z-Ghu-Tyr (Bachem). Reactions
were stopped by addition of an equal volume of 10% {v/v) trickloro-
acetic acid, Precipitates were removed by centrifugation, and 4 frac-
tion {5%) of the supernatants wans taken to measure the concentration
of released amino acid by the fluorimetric method outlined by Roth
(24]. The activities of 3-galactosidase, neuraminidase, and g-hexosa-
minidase were mensured with artificial 4-methylumbetliferv] sub-
strates (25). Total protein concentrations were determined ns de-
scribed previously (26).

Antibodies and Immunotitration of Cathepsin A-like Activiey—We
have previously described the preparation of antibodizs raised against
a denatured form of the 32-kDa subunit of human protective protein
(12). These “anti-32" antibodies recognize under reducing and dena-
turing conditions the 54-kDa precurser form as well as the 32-kDa
marture component of the protective protein. To cbtain a monoespecific
antiserum that immunoprecipitates human protective protein under
native conditions, the latter was overexpressed in Spodoptere frugi-
perda (S19) insect cells, that had been infected with recombinant
baculevirus contalning buman protective protein eDNAZ Protective
protein wos purified from the culture medium of infected cells using
a concanavalin A-Sepharose column (Pharmacia), as deseribed earlier
(2). “Anti-54" antibodies were raised in rabbits ayainst this purified
protein preperation. An IgG fraction (2.2 mg of protein/ml) was
prepared from anti-54 antiserum using a protein A-Sepharose column
(Pharmacia),

Immunotitration of cathepsin A with anti-54 antibodies was per-
forraed essentially as described before (3). Formalin-fixed Stephvio-
coccuy aureus tells (Immunoprecipitin, Bethesda Research Labora-
tories) were added to the samples to remove antigen-antibody com-
plexes.

Isolation of eDNA Clones and DNA Sequence Analysis—A chicken
embryo Agtil eDNA library (Clontech. Palo Alte, CA) (27). consisting
of 1 X 10" independent clones, was plated out as deseribed before (13}
and screened using the heterologous human pretective protein cDINA,
Hub4, as a probe {12, 28). The longest ¢DNA insert was subeloned
into pTZ18 and 19 (Pharmacia) {29) and sequenced on both strands
{30. 31). Comparison 1o the human sequence showed that the chicken
DA lacks the ATG start codon and part of the signal peptide.
Sequence data were analyzed with the programs of the University of
Wisconsin Genetics Computer Group {32). Protein alignments were
also done with the latter software package.

Plasmid Constructs—In vitro mutagenesis of human protective
protein cDNA was carried out using the method described by Higuchi
et al {33). Polymerase chain reaction-amplified DNA fragments,
containing the desired mutations giving rise to single amino acid
substitutions, were introduced in the normal human ¢S INA by suitable
restriction enzyme sites. Using the same procedure the deletion
construet 32(A20) wos generated by introducing a stop codon in one
of the amplifieation primers. The stop codon follows immediately the
Arg™ residue. A 365-bp BamHI fragment, with the point mutation

“E..J. Bonten and A. d'Azz0, manusezipt in preparation.
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thot gives Tise to the Ser'™ to Al amino acid change, was subse-
quently substituted for the wild-type fragment into the 32(a20)
construct, using standard cloning procedures (29). This resulted in
the 328A(220). The 20(332) construct encodes the human 20-kDa
subunit tagged with the signal sequence (residues 299 t0 452 and —28
to +] in the human protein, respectively). The ¢DNA stretches
encoding these two parts of the protective protein preproform were
amplified by polymerase chain reaction and afterwards ligated to-
gevher using an Neol restriction enzyme site introduced in two of the
amplification primers. This site does not alter the amino acid se-
quences of the 20-kDa subunit or signal peptide. All DNA fragments
resulting from polymerase chain reaction amplification were verified
by sequencing as described above. The oligonuclectides needed for
site-directed mutagenesis were synthesized on an Applied Biosystems
381A oligenucleotide synthesizer.

Human/chicken ¢DNA, HCh1, was made by exchange of 5'-end
chicken with human cDINA sequences at o conserved PstI restriction
enzyme site, All constructs were cloned into a derivative of the
mammalien expression vector pCD-X (34) ag described previcusly
(12).

Transfectior: in COS-1 Cells—CQ8-1 cells were seeded out in 30-
mm dighes 12 days prior to transfection and grown to 30% con.
fluency. Transfection in COS-1 cells, metabolic labeling of transfected
cells, and preparation of cell extracts and media were carried put as
described before {12, 35). Cells were labeled with [*H]leucine {143 Ci/
mmsl, Amersham Corp.}). Immunoprecipitation of radiolabeled pro-
teins from cell lysates and media was performed using anti-32 or anti-
34 antibodics, as reported carlier (35). Radicactive proteins were
resobved on 12.5% polyacrylamide gels under reducing and denaturing
conditions and visualized by fluorography of gels impregnated with
Amplify (Amersham Corp.). For the DFP-binding essay and divect
measurement of cathépsin A activity, COS-1 cells were transfected
with various pCD constructs and maintained afterwards for 72 b in
normal culture medim. Subsequently, cells were harvested by treat-
ment with trypsin. Cell lysates were either incubated with PHIDFP
(Du Pont-New England Nuclear, 3.0 Ci/mmol) {13) or used as such
for detection of cathepsin A activity as described above.

Uptake Studics in Human Fibrobloats—C0S-1 cell-derived protec-
tive protein precursors were obtained from the medium of unlabeled
CO8-1 cells, trunsfected in 100-mm Petri dishes. Media were concen-
trated as deseribed previously {35) and’ haif of the concentrated
material was added to the medium of recipient early infantile galac-
tosialidosis fibroblasts {12). After 5 davs of uptake the medium was
replaced with fresh medium containing the other half of concentrated
material, 2 doys later cells were harvested by trvpsin treatment, and
cell ysates were partly used for enzyme activity azsays. The remoin.
der of these homogenates was diluted 7-fold in 10 mM sodium phos-
phate buifer, pH 6.0, containing 100 mM NaCl and 1 mg/ml bovine
serum albumin, After centrifugation to remove inscluble material the
cell lysates were divided into three aliquots of 25 4l each and incubated
for 1.5 h with 1.5 ul of preimmune serum, anti-34 antibodies, or anti-
native human g-galactosidase antibodies. Immunoprecipitin, exten-
sively washed in the aforementioned buffer, was subsequently added
to the samples, and after 30 min antibody-antigen complexes were
removed by centrifugation. All steps were performed on ice orat 4 "C.
The supernatants were assayed for J-galactosidase activity.

Indirect Immunoflucrescence—COS-1 cells, transfected with se-
Tected pCD constructs, were treated mildly with trypsin 48 b after
transfection and subsequently reseeded at low density on coverslips.
16 h later cells were fixed and incubated wizh anti-32 anzibodies and
in a second step with goat anti-(zabbit IgG) conjugated with fiuores-
cein {36).

Immunoclectron Microseopy~—Transfected COS-1 cells were fixed
in 0.1 M phosphate buffer, pH 7.3, containing 1% acrolein and 0.4%
glutaraldehyde, Further embedding in gelatin, preparation for ultra-
cryotorny. and the methods for immunoelectron micToscopy were as
reported earlier (37}

RESYLTS

Evidence That the Protective Protein Is Similar to Cathepsin
A—We first ascertained whether the protective protein main-
tains carboxypeptidase activity aside from its protective funec-
tion. The choice of the synthetic substrate o use in the assay
was dictated by the similarity of the protein to cathepsin A
(14-18). The lactter hydrolyzes preferentinlly at acidic pH
acylated dipeptides having a hydrophobic residue in the pe-
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nultimate {P1) position (38). Of these N-blocked dipeptides
Z-Phe-Ala was reported to be the most specific substrate for
cathepsin A (38).

In total cell homogenates from human cultured fibroblasts
we have measured the hydrolysis of Z-Phe-Ala as well as Z-
Glu-Tyr and Z-Phe-Leu. The rate of hydrolysis i maximal
for Z-Phe-Ala {Table I}, 3-fold lower for Z-Phe-Leu (normal
fibroblasts: 1, 163 milliunits/mg protein; 2, 93 milliunits/mg
protein) and barely detectable for Z-Glu-Tyr {not shown). In
order to prove that the protective protein is the enzyme
responsible for the cleavage of Z-Phe-Ala, we raised mono-
specific polyclonal antibodies in rabbits against a human
native protective protein preparation (anti-54 antibodies). As
shown in Fig. 1, virtually all carboxypeptidase activity toward
this substrate 1s precipitated at increasing antibody concen-
trations. Since the purified preparation used for immunization
of the rabbits was obtained from the culture medivm of Sf9
insect cells infected with 2 recombinant baculovirus expres-
sion veetor (39).7 it is unlikely that proteins of human origin,
other than the protective protein, are directly precipitated by
the antibodies. From these results we conclude that lysosomal
protective protein has a substrate specificity overlapping with
that of cathepsin A. We have also tested whether §-galacto-
sidase activity is coprecipitated with cathepsin A by virtue of
the association of these two proteins. Indeed, about one-third
of total §-galactosidase activity is brought down at maximal
antibody concentration. The values for g-hexosaminidase,
measured in the fibroblast homogenates as a reference en-
zyme, remained unchanged throughout the experirnent.

TaBLE 1
Cathepsin A-like netivity in normel and mutent human fibroblasts
Lysates of different human ¢ultured fibrablasts were incubated for
30 min at 37 *C in 5¢ mm MES, pH 5.5, containing 1.5 mM Z-Phe-
Ala. Cathepsin A-like activity was determined by indirect fluorimetrie
quantitation of Iiberazed alanine.

Cell strain Cathepsin A-like petivity
milliunits®/mg protein

Normal fibroblasts 1 439

2 266
Gy gangliosidosis 407
Early infantile galactosinlidesis 1.3
Late infantile galactosialidosis 3.0
Juvenile/adult galactosialidosis 4.0
Parents Jate infantile patient M 139

F 117

2 One milliunit is defined as the enzyme activity that releases 1
nmel of alanine per min.

100

CP-activity In supematant (%)

T T T
1 1.5

H igG

F1c. 1. Immunotitration of cathepsin A-itke activity, In-
creasing amounts of an IgG antibody fraction, raised against human
native protective protein precursor, were added to a cell extract of
normal human fibroblasts. Antibody-antigen complexes were re-
moved by addition of S. aurceus cells and the remaining carboxypep-
tidase {CP) activity toward the acvlated dipeptide Z-Phe-Ala wos
measured in the supernatant.,
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Carboxypeptidase Deficieney in Gelactosiafidosis Fibro-
blasts—The same dipeptide, Z-Phe-Ala, was used as substrate
to measure cathepsin A-like activity in fibroblast homoge-
nates from normal individuals, a Gu,- ganglicsidosis patient
with an isolated 3-galactosidase deficiency, different galacto-
sialidosis patients, and carriers (Table I). In contrast to nor-
mal as well as Gw,-gangliosidosis fibroblasts the galactosiali-
dosis cell strains tested have minute activities toward the
substrate, Clear heterczygote values are measured in the
carrier samples. The normal hydrolysis of Z-Phe-Ala meas-
ured in Gu;-gangliosidosis cell extract indicates that an iso-
lated S-galactosidase deficiency does not influence the car-
boxypeptidase activity of the protective protein.

Analysis of Conserved Domatns in Protective Proteins of
Different Species—Aming acid sequence comparison with
other well defined serine carboxypeptidases (40-42) revealed
that the protective protein/cathepsin A is a member of this
family of enzymes (12, 13). Similarly, comparison of the
primary structures of protective proteins from different spe-
cies could diselose domains in the human protein important
for its association with S-galactosidase/neuraminidase and,
hence, for its protective function. However, the previously
characterized mouse protective protein appeared to be almost
identical to ts human counterpart (13). We therefore isolated
the cDNA encoding chicken protective protein. Its predicted
amino acid sequence is shown in Fig. 2, aligned with those of
the human and mouse proteins. The chicken sequence lacks
the first methionine residue and part of the signal peptide.

Identity between the different proteins is 67% (chicken/
human), 66% (chicken/mouse), and 57% (mouse/human).
The serine, histidine, and aspartic acid residues that are
known to form the catalvtic triad of sering carboxypeptidases
(43} are found in the chicken protective protein/cathepsin A
at positions 150, 431, and 375, respectively. Ser’™ and Hig*®
are included in two of the three highly conserved regions
(boxed in Fig. 2) in this family of enzymes. Remarkably,
however, the chicken enzvme has a glycioe for alanine sub-
stitution at position 152 that occurs within the Gly-Glu-Ser-
Tyr-Ala-Gly domain, containing the active site serine. All
three protective proteins have  conserved cysteine residues,
probably crucial for their tertiary structure as well as function.
Both chicken and mouse homologues have two additional
cysteines, one on each subunit of their respective two-chain
forms, but at different positions.

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

Mutagenests of Human and Chicker Protective Proteins—
To investigate whether the cathepsin A-like activity of the
protective protein is essential for the activation and stabili-
zation of -galactosidase and neuraminidase we used a genetic
approach. As summarized in Fig. 3, mutant and hybrid pro-
tective proteins were obtained by site-directed mutagenesis of
wild-type ¢DNAs, encoding either the human or chicken
forms, The first series of mutants (Fig. 3. upper bar) carried
single amino acid substitutions in the human protein. Of the
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F16, 2. Alignment of predicted amirno acid sequences of human, mouse. and chicken protective
proteins. Amino aeid sequences of previcusly characterized human (H() and mouse (M) protective proteins
ore shown aligned with the chicken (CH} homologue. Residues on the fourth lne (consensus sequence) denote
identity at those positions in the three protective proteins. The three domaing, characteristie of serine carboxypep-
tidases, and the aspartic acid residue, conserved throughout this family of enzymes, are boxed, Potential M-linked
glycosvlation sites are indicsted with hatehed boxes, Vertical arrows denote proteolytic cleavage sites. The internal
repeating motif in 32- and 20-kDa subunits is underlined. Numbers on the left refer t¢ positions of the amino ac¢ids

within the sequences.
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Fi6. 3. In vitro mutagenized anéd hybrid protective pro-
teins. The preprofrom of human protective protein is represented by
the upper bar. Hatched part, signal sequence; stippled pare, 32-kDa
subunit; eross-hatched part, 20-kDa subunit. Single amino acid sub-
stitutions are indicated. The three middle bars represent the deletion
mutants. In the 328A1320) mutans the Ser'™ 1o Ala'™ substitution Is
also present, The 20(A32) mutant is tagged with the human signal
sequence (hatched part). The lower bar representa the human/chicken
hybrid protein, having the signal sequence (hatched part) and the
most NHy-terminal 60 amino acids (stippied pert) of the human
protective protein,

catalytic triad, Ser'*® was replaced by alanine and His™ was
mutated into glutamine, in order to abolish cathepsin A-like
activity, The third point mutation was introduced at residue
Cys™ to study the effect of this alteration on the correct
folding, transport, and processing of the protective protein.
The mutants 32(A20) and 20(A32) were deleted of either of
the two subunits in order to check their reciprocal influence
within the two-chain form on the cathepsin A and/or protec-
tive activities. They encede truncated 32- and 20-kDa poly-
peptides, respectively. The latter was tagged with the human
signal sequence to allow its translocation into the endoplasmic
eticuium (ER). The 323A(A20) mutant encodes a truncated

32-kDa protein carrying the Ser* to Ala**? amino acid sub-
stitution (Fig. 3, middie bars).

The human-chicken hybrid construct, HChi (Fig. 3, lpwer
bar), was made to identify determinants on the human pro-
tective protein, important for its association to S-galactosid-
ase/neuraminidase. Furthermore, the replacement of chicken
with human 5" end ¢cDNA sequences provided HCh1 with the
correct translation initiation codon. As a result, the NH:
terminus of the HChl hybrid precursor contains 80 armino
acids of human origin.

Transient Expression of Mutant and Hybrid Protective Pro-
teins in COS-I Cells—To follow the intracellular transpert
and processing of mutant and hybrid protective proteins, their
corresponding cDNAs were subcloned into a derivative of the
expression vector pCD-X and transfected into COS-1 cells.
Human and mouse protective protein constructs (pCDHu54
and pCDMo54) were included in the experiments as controls.
Transiently expressed proteins were detected 2 days after
transfection by metabolic labeling with ["H]leucine followed
by immunoprecipitation from cell lysates and media (Fig. 4).
Immunoprecipitations were carried out using two different
antibodies: those raised apainst the human denstured 32-kDa
polypeptide (anti-32 antibodies), that recognize under reduc-
ing conditions the 54-kDa precursor as well as the mature 32-
kDa component, or the anti-54 antibodies,

Fig. 4 shows that singly transfected pCD constructs direct
the synthesis of mutated or hybrid protective proteing that
are stable under the conditions used. The SA'™® and HQ™
mutant precursors behave as wild-type protective protein in
that they underge normal proteolytic processing and the
unprocessed precursors are secreted into the medium {Fig. 4.
lares I, 3, and 4). In contrast, the cysteine to threonine
substitution apparently interferes with the maturation and
secretion of the precursor molecule (Fig. 4. lene 2). However,
it is also possible that an aberrantly folded mature rutant
protein evades recognition by the anti-32 antibodies.
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F16. 4. Transient expression of normal heman, mutant, and
hybrid protective proteins in 008-1 celis. COS-1 cells were
transfected with varous pCD construets: wifse) and (@) represent
human protective protein ¢DNA in the sense and antisense orienta-
tion, respectively; CT, SA, and HQ are the single amino acid substi-
tutions; 32 and 20 represent the 32(A20) and 20(A32) deletion mu-
tants, and HCk is the human-chicken hybrid protective protein. All
abbreviations are explained in Fig. 3. 2 davs after transfection newly
synthesized proteins were labeled with [*H]leucine for on additienal
10 k. Labeled proteins were immunoprecipitated from cells and media
using anti-32 antibodies (lanes I—¢ and 10-12) or anti-54 antibodies
(lanes 5-3). Protweins were separated by gelelectrophoresis under
reducing and denaturing conditions and visualized by fluercgraphy.
Molecular sizes of precursors, mature subunits, and truncated poiy-
pepuides are indicated at feft. For the medium samples only the 54-
kDa part of the gel is shown since the uneleaved 54-kDa precursor is
the only form of the protective protein detected in the medium of
transfected £OS8-1 cells. Exposure time for lones 1—f and 70-12 was
2 days; for lenes 5-8, 3 days.

The 32(A20) deletion mutant construct encodes a 34-kDa
polypeptide that is ~2 kDa larger than the corresponding
wild-type subunit (Fig. 4, lene 5). A possible explanation for
this size difference is that additional carboxyl-terminal proc-
essing of the latter takes place, an event that is impaired in
the mutant 32{A20). This processing step may normally occur
after endoproteclytic cleavage of the 54-kDa precursor either
in an endosomal or lysosomal compartment. In addition,
altered glyeosylation of the 32{AZ0) mutant in comparison
with the wild-type subunit may alse contribute to this ob-
served difference. The 20(A32) mutant is very similar in size
to the 20-kDa component of the mature protective protein
{Fig. 4, fane 6). Neither of the two independently synthesized
polypeptides are secreted into the medium. To test their
capacity to associate and to analyze the influence of this event
on their intracelluiar transport and secretion, COS-1 cells
were cotransfected with both pCD32(A20) and pCD20{A32).
Binding ¢f the two truncated proteins was proven by their
coprecipitation with monospecific antibodies against either
the 32- or the 20-kDa denatured subunit (not shown). Sur-
prisingly, however, thelr interaction seems to cause 2 severe
reduction in the amount of immunoprecipitable 34-kDa poly-
peptide, as compared to the single transfections (Fig. 4, lanes
5-7). We envisaged that formation of an “active” two-chain
cathepsin A soon after synthesis could underly this effeet.

Dual Function of the Protective Protein

This hypothesis was supported by the observation that assem-
bly of a trunecated 34-kDa polypeptide, carrving the Ser'™ 10
Ala’™ active site mutation, with the 20-kDa polypeptide does
not lead to reduced immuneprecipitable material (Fig. 4. ignes

. 8 and 8). The results further indicate that association of the

different subunits does not induce their secretion.

The HCh1 hybrid precurser is about 4 kDa larger than the
human proform (Fig. 4, Iznes 7 and 0). This is due to the
presence of two extra sugar chains in the chicken protective
protein, since tunicamycin treatment prior to and during
labeling leads to the synthesis of precursor molecules of
identical size (not shown). The hybrid precursor is secreted
into the culture medium, but no mature form can be precipi-
tated intracellulayy (Fig. 4, lane 16). A likely explanation is
that proteclytic processing to the mature hvbrid two-chain
protein does occur but this form is not brought down by the
antibodies under the experimental conditions used,

Localization of Mutant and Hybrid Protective Proteins—
Given the differential behavior of mutant and hybrid protec-
tive proteins in transfected COS-1 cells, we analyzed their
subceliular distribution by indirect immunofluorescence and
immunogold labeling techniques. At light microscopy a typical
lysosomal labeling pattern and a diffuse staining of the per-
inuclear region are observed in cells expressing the wild-tvpe
human, the HChl hvbrid, and the $AY mutant protective
proteins (Fig. 5, A-C). The HQ™ mutant protein behaves
similarly {not shown). In contrast, the CT™ precursor as well
as the deletion mutants all seem to accuraulate in the perin-
uclear region {Fig. 3, D-F).

For a more refined localization, ultrathin sections of trans-
fected cells were probed with anti-32 antibodies followed ba

F16. 5. Immunoeytochemical localization of mormal, mu-
tant, and hybrid protective proteins in transfected COS-1
cells. COS-1 cells were treated with trypsin 48 h after transfection
and reseeded on coverslips. 16 b later, cells were fixed and incubated
with anti-32 antibodies. The inteacellular distribution of nom?i
human pretective protein (4}, HCh1 hyvbrid (B, and mutants sa
(€}, CT™ (D), 32(A20) (£), and 32(220)/20(232) (F) is shown.
Abbreviations used to define mutant and hyvbrid protective protemns
are explained in Fig. 3. Mognification: A, B. C, 16300 D. E. F\
2000%.
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goat anti-(rabbit 1gG)-gold and analyzed by electron micros-
copy. As shown in Fig. 6, overexpressed wild-type preiective
Pprotein is compartmentalized in lysosomes and is detected in
large amounts in the Golgl complex and rough ER (Fig. 6, 4
and B). A similar pattern is seen in cells transfected with the
HCh1 hybrid protein, the SA™ mutant (Fig. 6, C and [} and
the HQ*¥ protein (not shown). Immunogold labeling is re-
stricted exclusively to the rough ER in cells expressing elther
the CT* mutant or the truncased subunits (not shown). COS-
1 cells transfected with an antisense ¢cDNA were used to
estimate background labeling due to endegenous protective
protein, The number of gold particles in lysosomes, Golgt
complex, and rough ER was on average one or two. All
together these results identify two types of modified protective
proteins: those whose intracellular transport and processing
overlap with wild-type protective protein (SA'Y°, HQ'™®,
HCh1) and those that accumulate in the ER and are neither
processed nor secreted (CT%, deletion mutants),

Protective Protein Active Site Mutants Lach Cathepsin A-
like Activity—The similar characteristics observed thus far
for the active site mutants with respect to wild-type protective

Fi¢. 5. Cryosections of COS-1
celis, transfeeted with normal hu-
man {4 and B). HCk] hvbrid () or
SAN mutant (D) proteetive pro-
teins and labeled with anti-32 anti-
bodies and goat anti-{rabbit IgG)-
gold. A, shows extensive labeling of the
Golgi complex (G) and lvsosomes (L), in
cells expressing the normal human pro-
tein. A low magnificotion of the perinu-
clenr region is shown in B with extensive
labeling of rough endoplasmic reticulum
structures {R), but not of a mitochon-
drion (M), An identical labeling pattern
is observed in cells expressing the HCh1
hybrid or SA™ mutant protective pro-
teins. Correet lysosomal targeting of
these modified proteins is shown in (C)
and (D). Bars, 0.1 um.

14739

protein imply that their tertiary structures are not grossly
modified by the amino acid substitutions. We next ascertained
whether cathepsin A-like activity was measurable in cells
expressing these two mutant proteins compared to cells trans-
fected with Hub4, Me54. HCh1, and 32(A20) constructs. Two
independent assays were used. First, COS-1 cell extracts were
incubated with "HIDFP, followed by immunoprecipitation
with anti-54 antibodies (Fig. 7. upper penel). As we have
shown before, human and mouse protective proteins are able
to react with the inhibitor after proteolytic cleavage of their
zymogens (Fig. 7, lanes 1 and 2. Ounly the large subunit,
carrying the serine active site, is detectable. The mouse form
is slightly bigger in size and reacts poorly with the antibodies.
In contrast, neither the SA*™, containing a modified active
site serine, nor the HQ'* mutants show any binding capacity
(Fip. 7, lanes 4 and 5. Likewise, the 32(A20% deletion mutant,
missing the 20-kDa subunit, does not react with the inhibitor
(Fig. 7. lone 6). Mature HCh1 hybrid molecules, if present,
again are not immunoprecipitable (Fig. 7, lene 3). Cells trans-
fected with an antisense wild-type construct were included in
the experiment as estimate of the level of endogenous COS-1

110



14760

3456

16, 7 ["’H]DFP labelmg and car.hepsm A actwlty of nor-
mal, mutanr. and hybrid protective proteins. Cell extracts of
COS-1 cells, tranafected with selected constructs, were ineubared
with ['H]DFP, followed by immunoprecipitation using antj-54 anti-
bodies {upper panci]. Molecular size is indicated av kft. Exposure
time was 5 days. The pCD constructs used are abbreviated as before
with the addition of pCDMo34 sense (Mo). The same set of constructs
was tranafected separately into COS-1 cells to directly test cathepsin
A petivity in the different cell extracts, using Z-Phe-Ala ns substrate
(lower penel). Hotehed verticel bars represent rates of hydrolysis. One
unit is defined as the enzyme activity that releasos 1 xmol of alanine
per min.

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

The results obtained with DFP inhibitor are well supported
by direct measurements of Z-Phe-Ala hydrolysis in lysates of
cells transfected independently with the same set of con-
structs (Fig. 7, lower paael). Equal increase in cathepsin A-
iike activity above endogenous COS-1 levels is roeasursed in
cells expressing the wild-type human and mouse protective
proteins, These results demonstrate directly that both pro-
teins have cathepsin A-like activity and that only a small
proportion of the mouse protective protein i$ immunoprecip-
jtated. The SA™ and HQ*™ mutants are corapletely inactive,
as is the case for the deletion mutant {Fig. 7) and the CT®
rutant (not shown). The ~2.5-fold inerease in activity, de-
tected in HChl-expressing ceils, confirms that this hybrid
protein must be present in its mature two-chain form. Sur-
prisingly, however, it has an altered substrate specificity, as
compared to human and mouse wild-type proteins, since It
preferentially cleaves Z-Phe-Leu over Z-Phe-Ala (not showrn).
This effect could be due e the glvcine for alanine substitution
at position 152 in the chicken protective protein.

Dual Function of the Pratective Protein—The two active
site mutations have been shown by different criteria to abolish
the carboxypeptidase activity of the protective protein with-
out disturbing its tertiary structure. Therefore. these mutants
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are excellent candidates to test. in uptake studies, whether
loss of cathepsin A-like activity influences the protective
function. For this purpose secreted modified precursors from
transfected COS-1 cells were added to the medivm of early
infantile palactosialidosis fibroblasts deficlent in protective
protein mRINA. Simiarly, the secreted HCh1 hybrid as well
as mOuse precursor proteins were aiso tested. After uptake,
cells were harvested and 3-galactosidase and neuraminidase
activities measured. As shown in Table I1, the SA™ and HQ*™
mutant precursors, endocytosed and processed by the defi-
cient cells. restore S-galactosidase and neuraminidase activi-
ties as efficiently as the wild-tvpe protein. Thus, the protective
protein has catalytic activity clearly distinet from its protec-
tive function, Surprisingly, the HCh1 hvbrid molecule has
reaintained the capacity to bind and activate §-galactosidase
and neuraminidase, although the overall identity between
chicken and human sequences is only 87%. It seems that the
modified active site domain (Gly-Glu-Ser-Tyr-Gly-Gly) and
altered substrate specificity have no influence on the protec-
tive function of HChl. As chserved earlier (13}, the mouse
homologue, 87% similar to human protective protein, adopts
a configuration not entirely suitable for the activation of
human neuraminidase.

Confirmation that the SA™ and HQ** mutants exert their
protective funetion via physical association with S-galactosid-
ase was obtained by examining the coprecipitation of this
enzyme with different endocytosed protective proteins. Gal-
actesialidosis cell lysaves used to measure correction of 8-
galactosidase/neuraminidase activities were incubated with
anti-54 antibodies and. as control, with preimmune serum or
antl-native human G-galactosidase antibodies. Fig. 5 shows
that 22, 25, and 34% of §-galacrosidase activity Is coprecipi-
tated with anti-54 antibodies in cells that have taken up the
wild-type human, the 34, and the HQ*™ mutant protective
proteins, respectivelv. A comparable pereentage of activity is
coprecipitated in a normal human fibroblast homogenate.
These results demonstrate that a proportion of active S-
galacrosidase is indeed associated with the SA™ and HQ™®
routant proteins, and that the enzyme has equal affinity for
the active site mutants and wild-type protective protein. Fur-
thermore, the values are specific since §-galactosidase activity
1s either not at all or to a lesser extent coprecipitated in cells
treated with the HChl hybrid or mouse protective proteins,

TaBLE II
Restorarion of §-galactosidase and neuraminidase activicies in
aaleriosialidosts fibroblests efter uptake of various COS-1 cell-derived
protective protein precursors

Equivalent amounts of secreted precursor proteins {rom the me-
diurn of transfected COS-1 cells were added to the culture medium of
early infantile galactosinlidesis fibroblasts, After 7 davs of uptake,
cells were harvested and onzyre activities measured using 4-meth-
vigrabelliferyl substrates. The results are representative of experi-
ments carried out several times.

Addition of Activity
Cell strain protective
proteins #-Galactosidase  Neuraminidare
milliunits*/mg microunits/mg
protein protein
Early infantile galec- wt (5¢) 5.18 530
tosialidosis SA 518 533
Hg 4.83 700
Mos4 417 40
HCh) 5.2% 300
wt {a) 1.58 12
s 5.1
Nermal fibroblasts 7.33 00

? One milliunit is defined os the enzvme activity that releases 1
nmol of §-methvlumbelliferone per min.
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Fig. 8. Mrecipitation of §-galactosidase activity in galacto-
sialidosis fibroblasts after uptake of various COS-1 cell-de-
rived protective protein precursors. Early infantile galactosiali-
dosis {E.L.GS) cell homopenates from the uptake experiment de-
seribed in Table II were each divided in three aliquots and incubated
with either preimmune serum, the anti-54 antibodies. or anti-native
human g-galactosidase antibodies, As controls, normal buman fibro-
blasts and ¢ells from a Guy-gangliosidosis patient were treated in the
same manner. After precipitation of antibody-antigen complexes. the
remeining 3-galactosidose activity was measured in the supernatants
(vertical bars). The value obtained in preimmune serum treated cells
nfter endocytosis of wild-type human protective protein is token os
100% activity. Except for normal and Gun-gangliosidosis {ibroblasts,
all g-nalactosidnse activities are expressed as a percentage of this
value. Cell homogenates to the right of the grrow represent £.1.GS
fibroblasts that have taken up the different COS8-1 cell-derived pro-
tective protein precursors (abbreviated a9 in Fig. 4).

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

DISCUSSION

The primary structure of human protective protein has
suggested a putative carboxypeptidase activity by virtue of its
homoelogy with yeast carboxypeptidase Y and the KEX1 gene
product. We now directly demonstrate that the protective
protein at acid pH cleaves the acylated dipeptides Z-Phe-Ala,
Z-Phe-Phe. and Z-Phe-Leu with clear preference for the first
named substrate. This chymotrypsin-like activity closely re-
sembles that of lysosomal cathepsin A (14). Several lines of
evidence confirm this similarity: 1) monespecific antibodies
against native human protective protein precursor precipitate
virtually all carboxypeptidase activity toward Z-Phe-Ala; 2)
overexpression of protective protein in COS-1 cells leads to
increased cathepsin A-like activity: 3) cells from a galactosi-
alidosis patient deficient in protective protein mRNA have
less than 1% residual cathepsin A-like activity.

Considering the highly specific binding of the protein to
lysosomal f-galactosidase and neuraminidase, it was reason-
able to assume that terminal processing of these two enzvmes
would be the principal role of the carboxypeptidase. Qur
genetic analvsis, however, provides evidence that the catalytic
and protective functions of the protective protein are distinet,
since loss of its cathepsin A activity does not influence its
ability to stabilize and activate the other two enzymes. These
separable functions could relate to the existence of free and
associated pools of protective protein and §-galactosidase in
human tissues. A number of indications support this notion.
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Preliminary studies by gel filtration suggest that precursor
and mature protective protein/cathepsin A can form homo-
dimers of ~95 kDa free of S-galactosidase/neuraminidase.
Conversely, the immunotitration experiments presented here
have shown that not all 3-galactosidase activity is coprecipi-
tated with cathepsin A using anti-54 antibodies. Barlier data
agree with these results since a fraction of 5-galactosidase was
found unassociated in crude glycoprotein preparations of hu-
man placents (3).

The reason for maintenance of these different pocls of
enzymes could be the need to catabolize a broad gpectrum of
substrates in different metabolic pathways. A recent report
by Jackman et al (18} emphasizes this hypothesia. These
authors, in an effort to characterize a deamidase released from
human platelets, came to the unexpected finding that their
purified enzyme is probably identical to the protective protein.
They further demonstrate that in vitro this platelet enzyme
has deamidase as well as carboxypeptidase activity on biolog-
ically important peptides, like substance P, bradykinin, an-
glotensin I, and oxytocin, The deamidase activity is optimal
at neutral pH, whereas the carboxypeptidase works best at
pH 5.5. The purified two-chain enzyme forms homodimers of
85 kDa at this pH (18}. In view of the characteristics of the
enzyme, they also came to the conclusion that it is similar to
cathepsin A. We can deduce from our mutagenesis studies
that the deamidase activity of the protective protein is also
separable from its protective function. This does not exclude,
however, that in lysosomes the cathepsin A/deamidase works
in cooperation with 8-galactosidase and neuraminidase. For
example, an exopeptidase might be required after endoprotec-
Iytic cleavage of glycoprotein substrates. to trigger the effi-
cient hydrolysis of their sugar side chains by the assoctated
glycosidases, On the other hand, complex formation may
modulate cathepsin A/deamidase activity, A better under-
standing of the functions of the protective protein requires
the identification of substrates that are targets of the enzyme
invive. Itis noteworthy that protective protein mRNA expres-
sion is high in mouse kidney, brain. and placenta {13), sug-
gesting the need of a cathepsin A/deamidase activity in these
tissues, £.g. for the nactivation of bicactive peptides such as
oxytocin and kinins.

Extended knowledpe of the protective protein could arise
from the analysis of individual galactosialidosis patients, done
in light of the results reported here. These patients have so
far been identified and diagnosed on the basis of their reduced
G-galactosidase/neuraminidase activities, Only recently, a
carboxypeptidase deficiency was reported for the first time in
three late infantile/juvenile patients (44), although the less
specific Z-Phe-Leu substrate was used in these studies. The
ability to directly detect residual cathepsin A activity in
patients will allow the identification of individuals having an
isolated cathepsin A/deamidase deficiency but nermal protec-
tive protein function. The creation of animal models having
targeted cathepsin A/deamidase active site mutations could
prove instruetive in this context.

Except for the active site mutants the other modified hu-
man protective proteins are all retained in the ER. In the case
of the mutant precursor with a cysteine to threonine substi-
tution at position 60 this is likely due to improper folding of
the precursor polypeptide (43). This cysteine residue is em-
bedded within the 10-residue region that is most conserved
among all carboxypeptidases and must be important for their
three-dimensional structures (46). Moreover, this domain in
the protective proteins is part of an internal repeat ceeurring
once in the 32- and 20-kDa chains. Since this motif is char-
acterized by tryptophan residues it could be engaged in intra-
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or intermolecular hydrophebic interactions, As deduced from
the cotransfection experiments. the truncated 32/20 and
325A/20 polypeptides can spontanecusly associate in the ER,
but are subsequently retained. This could imply that a single
chain precursor is essential for correct transfer of the protec-
tive protein to the Golgi complex. Alternatively. aberrant
assembly of the two chains could also cause retention, al-
though we have indications that coexpressicn of the separate
subunits in insect cells leads to a 3-4-fold increase in cathep-
sin A activity. The possibility that formation of an active
dimer in the ER has a deleterious effect on de nove synthesized
proteins awaits further investigations.

The crvstallization of wheat serine carboxypeptidase II has
recently revealed remarkable structural homology of this en-
Zyme to zine carboxypeptidase A (43). Tt was speculated that
these two proleases share a comInon ancestor, perhaps a
binding protein that had divergently acquired greater catalytic
activity by two different mechanisms. In this scenario binding
to other proteins comes before catalytic activity. The protec-
tive protein is about 30% identical to wheat serine carboxy-
peptidase IT, Interesting questions that arise are those of how
the catalyvtic/protective activities of this pleiotropic member
of the serine carboxypeptidase family have evolved and what
came first.
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TRANSPORT AND STRUCTURE OF HUMAN LYSOSOMAL
PROTECTIVE PROTEIN.

Niels J. Galjart, Rob willemsenY, Nynke Gillemans, Xiao Yan Zhoul, Hans
Morreau, and Alessandra d'Azzo.

From the MGC Depariment of Cell Biology and Genetics and the ﬂDepartment of Clinical
Genetics, Erasmus University Rotterdam, The Netherlands

Summary

In lysosomes the aclid hydrolases b-galactosidase and neuraminidase acquire a stable and
active conformation through thelr association with a third glycoproteln, the protective
proteln. The latter Is synthesized as a 54 kDa precursor that Is processed in endosomes or
lyscsomes Into 2 32/20 kDa two-chain product. The protein has amino acld sequence
homelogy to serine carboxypeptidases and Is Identical In the N-termin! of the two ¢halns 10
2 deamldase/carboxypeptidase Isolated from human platelets. it actually resembles closely
a previously characterized lysosomal enzyme, cathepsin A. Site-directed mutagenesis
experimenis have demonstrated that fts catalytic actlvity and protective functien are
distinct. In order to delineate domains and signals on the human protective protein that
govern Rs Entraceliuiar transpott, processing and guaternary structure we overexpressed
neormal as well as /n vitro mutagenized protective protelns In COS-1 cells. The results
indicate that all mutated precursors are withheld, either partially or completely, in the ER.
Complete retention leads tc the degradation of the mutant proteins. Of the two
oligosaccharlde chains present on human protective protein the one on the 32 kDa subunit
acquires the mannose-6-phosphate {M6P) recognition marker, whereas the one on the 20
kDa subunit appears to be essentlal for the stabliily of the mature two-chaln protein.
Wildtype human protectlve protein precursors predominantly form homodimers of 53 kDa
at neutral pH, Indicating that dimetization could occur at the level of the ER.

Lysosomal protective protein has two thus far identified modes of acticn: a catalytic
activity overlapping with the one of a previously isolated lysosomal enzyme
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cathepsin A and a protective function towards lysosomal -D-gaiactosidase (EC
3.2.1.23) and N-acetyl-a-neuraminidase (EC 3.2.1.18). i copurifies from different
tissues of various species in a high molecular weight complex with the two
glycostdases (Verheijen et af, 1982; 1985; Yamamoto ef a/, 1982; Yamamoto and
Nishimura, 1987) and its presence in lysosomes is essential for their stabilisaton
and activation (d'Azzo et al, 1982; Hoogeveen et al, 1983; van der Horst et &,
1989). Mutations that interfere with the protective functicn of the protein result In a
severe combined B-galactosidase and neuraminidase deficiency (d'Azzo ef af,
1982; Wenger et a/, 1978), the hallmark of the rare metabolic storage disorder
galactosiali dosis (Andria et al, 1981).

The primary structures of human, mouse and chicken protsctive proteins, as
determined from their cloned cDNAs, are homologous to the yeast and plant serine
carboxypeptidase family of enzymes (Breddam, 1986; Galjart ef al, 1988; 1990;
1981). In addition, it has also been shown that human platelets, upon thrombin
stimulation, release a deamidase/carboxypeptidase that is likely identical to the
protective protein (Jackman et af, 1290) and may function in the logal (in)activation
of bioactive peptides. The carboxypeptidase activity, optimal at acid pH, has been
compared with that of cathepsin A (Jackman et af, 1980; McDonald and Barrett,
1986). In accordance with these results we have given direct evidence that the
protective pretein maintains cathepsin A-like activity (Galjart of &f, 1891). Moreover,
it was shown that in vitro mutagenized protective proteins, deficient in their
cathepsin A-like activity, retain completely their protective function, indicating that
these two roles are distinct (Galjart ef a/, 1991).

In bicsynthetic labeling studies the first immunoprecipitable form of human
protective protein is a glycosylated 54 kDa precursor (d'Azzo et &, 1882), that is
proteclytically converted within one hour after synthesis to a mature two-chain
product of disulfide linked 32 and 20 kDa subunits (dAzzo et @/, 1982; Galjart et af,
1988). The two-chain form binds the serine protease inhibitor diisopropyifluc-
rophosphate! demonstrating that maturation serves primarily io reiease the
carboxypeptidase activity (Galiart et al, 1990). Whether the protective function is
also inhibited in the 54 kDa zymogen remains to be investigated. After the initial
endoproteolytic cleavage of the precursor, the 32 kDa subunit appears to undergo
additional carboxyterminal processing of about 1-2 kDa (Galjart et a/, 1988; 1991).

Complexes of the protective protein/B-galactosidase/neuraminidase have
been analyzed mainly by determining the distribution of the two glycosidase
activities over high and low molecular weight forms (Hoogeveen et al, 1983; Potier
et al, 1990; Scheibe et al, 1990; Verheijen et af, 1982; 1985; Yamamoto et al, 1982;
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Yamamoto and Nishimura, 1887). Immunochemical detection of the protective
protein in one cf these studies revealed that the majority of the twe-chain form is
not resolved in the complex (Hoogeveen et al, 1983). The quaternary structure of
cathepsin A has also been probed by dstection of its enzymatic activity in different
aggregation states (Kawamura ef al, 1874; 1875). The purified two-chain
deamidase/carboxypeptidase is a hemodimer of 84 kDa (Jackman et al, 1980),
whereas, using different experimental conditions, its toad skin homologue can be
resolved both as a homodimer and as a multimeric aggregate (Simmons and
Walter, 1880). Together, structural and functional analyses indicate that pools of
free and complexed protective protein/cathepsin A exist, that may have different
functions in intra-or extraceliular compartments (Galjart et af, 1991). interestingly,
the two-chain plant serine carboxypeptidases which have subunits of a size similar
10 the ones of the protective protein/cathepsin A, are also found as homodimers,
but never in multimeric forms (Breddam,1986).

In this repert we have analyzed the intracellular transport and processing in
transfected COS-1 cells of normal and in vitro mutagenized protective proteins, in-
dependently of B-galactosidase or neuraminidase. The purpose of this work was to
get insight in the domains and signais present in the protective protein that govern
these aforementioned events.

Experimental Procedures

Plasmid constructs

in vitro mutagenesis of human protective protein ¢cDNA was carried out using the method of
Higuchi et af (1988). DNA fragments with the desired point mutations were amplified by PCR and
exchanged for wildtype ¢DNA segments using suitable restriction enzyme sites. In the final
construct the DNA derived from PCR amplification was verified by double strand plasmid
sequencing (Murphy and Kavanagh, 1988). Oligonucleotides for site-directed mutagenesis were
synthesized on an Applied Biosystems 381A oligonuclectide synthesizer, All constructs were
cloned into a derivative of the mammalian expression vector pCD-X (Galjart et af, 1888;
Okayama and Berg, 1982), using standard procedures (Sambrook et af, 1989).

Transfections in COS-1 cells
COS-1 celis (Gluzman 1981) were maintained in Dulbecco's modified Eagle’'s medium- Ham's
F10 medium (1:1, v/v), suppiemented with antibiotics and 5% {v/v) fetal bovine serum.
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For biosynthetic labeling studies cells were seeded out in 30 mm dishes and grown to
30% confluency. Transfection of COS-1 cells, metabolic labeling and preparation of cell extracts
and media have been described previously (Galjart et al, 1988; Prola ef af, 1984). Labeling was
carried out with 60 uCi [*HJleucine per mi labeling medium (143 Cifmmol, Amersham Corp.) or
100 pGCi [32P]phosphate per ml labeling medium {carrier free, Amersham Corp.), for the time
periods indicated in the legends to the figures. In pulse-chase experiments 0.3 mg of uniabeled
leucine per ml [abeling medium was added to the dishes after the 30 min pulse .
Immunoprecipitation methods using fixed Staphyloceccus aureus cells (Immunoprecipitin, BRL)
have been described (Proia et a/, 1984), as have the antibodies that recognize zlf forms (54, 32,
20 kDa) of the protective protein and are designated anti-54 antibodies {Galjart et a/, 1991).
Normally we pretreat Immunoprecipitin as suggested by the supplier, a step that introduces
reducing and denaturing.agents into the cell extracts at an early stage. In the 16 hr pulse
experiment, however, the Immunoprecipitin used was extensively washed with
immunoprecipitation buffer after pretreatment, such that reducing agent was removed.
Radioactive proteins were resolved on 12.5% polyacrylamide gels under reducing and denaturing
cenditions (Hasilik and Neufeld, 1980), fixed and visualized by autoradiography ([32P]labeled
samples) or fluprography {[BH]leucine iabeled material). In the latter case Amplify (Amersham
Corp.) was used to enhance the signals.

Limited proteolysis with trypsin

In order to obtain larger quantities of secreted proteins COS-1 cells were transfected in 100 mm
dishes. Cells were labeled with [3H]Ieucine 48 hr after transfection In medium without fetat bovine
serum, 16 hr later media were collected, centrifuged for 5 min at roomtemperature and 1000
pm, to remove detached celis, after which bovine serum albumin (BSA, Boehringer Mannheim)
was added to the supernatant in a final conceniration of 1 mg/mi. Media were concentrated and
desalted as described previously (Proia et al, 1984). Aliquots of 60 nl, corresponding to about
12.5% of the original volume, were taken and brought to 200 u! with 20 mM sodium phosphate
pH 6.8. One sample was left as such on ice, the remainder was incubated with 1.5 ug trypsin
(Sigma) for 0, 2, 5, 10, 30 min at 37 Oc. Trypsin was inactivated by the addition of 3 ug bovine
pancreas trypsin inhibitor (Sigma). In the 0 min time point the inhibitor was actually added before
the rypsin. The procedure used here is a modification of the one described by Frisch and
Neufeld {1881}. After proteolysis 10 pl samples were taken for detection of cathepsin A-like
activity using the N-blocked dipeptide benzyloxycarbonyl-phenylalanyl-afanine (Z-Phe-Ala) and a
modified procedure (Galjart et al, 1991) that is based on the method of Taylor and Tappe!
(1973). Liberated alanine was measured by the fluorimetric method outiined by Roth (1971).
From the remainder of the aliquots (about 150 pl) radiolabeled proteins were immunoprecipitated
using anti-54 antibodies. Proteins were resolved and visualized as described above.
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Gelfiltration

COS-1 cell-derived protein precursors were oblained from the medium of [SH]leucine labeled
COS-1 cells, transfected in 100 mm dishes and labeled in the presence of 2.5% dialyzed fetal
bovine serum. Media were concentrated and desalted (Proia et al 1984) and 20% of this
material was diluted fivefold in 50 mM 2-[N-morpholino]ethanesulfonic acid (MES) pH 5.95,
containing 100 mM NaCl . This sample was applied to a column (85 x 1.53 cm, Pharmacia),
containing Sephacryl $200 HR (Pharmacia), preequilibrated in the same buffer. Elution was
carried out at a flow rate of 5.4 mthr and fractions of 0.9-0.85 ml were collected. All steps were
performed at 4 0c. After gelfiltration fractions were prepared for immunoprecipitation by
preclearing each fraction ance with 100 ul pretreated Immunoprecipitin. Radiolabeled proteins
were immunoprecipitated using anti-54 antibodies only, or a mixture of these and a monospecific
antiserum against denatured human &4 kDa B-galactosidase (Morreau et af, 1989). Radiolabeled
proteins were separated and visuzlized as described above. The column was calibrated with the
following set of globular protein markers (Pharmagcia): ferritin (440 kDa), aldolase {158 kDa),
albumin (67 kDa), ovalbumin (43 kDa) and chymotrypsinogen (25 kDa).

Immunoelectron microscopy

Transfected COS-1 cells in 100 mm dishes were fixed in 0.1 M phosphate buffer pH 7.3,
containing 1% acrolein and 0.4% glutaraidehyde. Further embedding in gelatin, preparation for
ultracryotomy and other methods for immunoelectron microscopy were as reported (Willemsen ef
al, 1986). The antibodies against the 32 kDa denatured chain of human protective protein (anti-
32 antibodies) have been described (Galjart et af, 1288). This monespeciic antiserum recognizes
under reducing and denaturing conditions the 54 kDa precursor as well as the 32 kDa mature
subunit of the protective protein.

Results

Mutagenesis of human protective protein

We have recently described point mutations in the human protective protein cDNA,
that alter key aming acid residues within the three domains highly conserved
among the members of the serine carboxypeptidase family (Galjart et af, 1991).
Two of these amino acid substitutions, Serq1sg te Ala and His42g to Gin (henceforth
called SA150 and HQ429), abolish cathepsin A-like activity without affecting the
protective function. The third, Cysgg to Thr (CTgg), impairs the transport of human
protective protein out of the ER. To investigate the role of other residues, crucial for
structure and function of the protein, additional amino acid substitutions were intro-
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duced in vitro. As summarized in Fig. 1 {lower part) the acquisition of either one or
both oligosaccharide chains present on the human protein (Galjart ef af, 1988) was
prevented by modification of Asnt17 to Gin (NQ117 or NQ1) and/or Asnzgs to Gin
{NQ3p5 or NQ2). Furthermore the active site serine residue at position 150 was
changed into leucine (SL150} t¢ determine the influence of a bulky amino acid in
that position on the transport and activity of the protective protein.

Fig. 1 Transient expression of normal and in vitro mutagenized human protective
proteins in COS-1 cells. The preproform of human protective prolein is represented
by the bar in the lower half of the figure, the halched part being the signal sequence. The
start of the 20 kDa subunit is indicated by a vertical fine in the bar. The position and
sequence of threg domains, highly conserved in serine carboxypeplidases, is drawn
above the bar, as are the two potential glycosylation sites found in the protective protein.
Single amino acid substitutions are depicted, numbers refer to the position of the
regidues within the protective protein. The CTgp mutant has been described previously
(Galjart et al, 1991). COS-1 cells were transfected with pCD-constructs containing the
various cONAs: wt (se) and (a) represent human protective protein cDNA cloned in the
sense and antisense crientation respectively; NQT is NQy17, NQ2 is NQ305, NQ1&2 is
the double glycosylation mutant NQe117 & 305); CT and SL are the CTgp and SL1s5p
mutants respectively. Newly synthesized proteins were labeled 2 days after transfection
for an additional 16 hr with [3H]leucine. Immunoprecipitations from cell extracts and
media were carried out using anti-54 antibodies. Radiolabeled proteins were resolved by
SDS-PAGE under reducing conditions and visualized by fluorography. Exposure times for
cell samples, 4 days (lanes 1-5) or 2 days (lanes 6 and 7), for alf media samples, 2 days.
The miolecular sizes of wildtype human precursor and mature polypeptides are shown at
left. The arrowhead indicates the position of the 18 kDa subunit generated after
proteclytic cleavage of the NQgps mutant protein.
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Transient expression of normal and mutant protective proteins in COS-1 cells.

The various newly synthesized mutant cDNAs were cioned into the eukaryolic
expression vector pCD-X, transfected into COS-1 celis and transiently expressed.
Intracelluiar transpont and processing of the mutant proteins were followed 48 hr
after transfection and compared to wildtype human protective protein by labeling
COS-1 cells with [3H]leucine for an additional 16 hr. Radiolabeled proteins from
cell lysates and media were immunoprecipitated with anti-54 antibodies. The
immunoprecipitated material was rasclved on a 12.5 % SDS-polyacrylamide gel,
under reducing conditions (Fig. 1, upper part). Wildtype 54 kDa protective protein
precursor is detected both intra- and extracellularly, whereas the mature subunits
of 32 and 20 kDa are visualized in substantial amounts within the cells only (Fig. 1,
lane 1). The two single glycosylation mutants, NQ117 and NQgzos, are synthesized
as precursors of slightly reduced sizes, that are secreted but 10 a lesser extent than
the wildtype protein (Fig. 1, lanes 1-3). Deletion of both oligosaccharide chains in
the NQ(117 & 305) mutant precursor results in the synthesis of a polypeptide of
even smaller size (Fig. 1, lanes 2-4), that is not secreted at ali (Fig. 4, lane 4). Tuni-
camycin treatment of transfected COS-1 cells prior to and during labeiing revealed
that the protein moieties of wildtype, NQ117, NQ305 and NQ(117 & 305) have an
identical electrophoretic mobility {not shown). Of the three glycosylation mutants
only NQsgs can be detected in 2 processed form, consisting of 32 and 18 kDa
subunits (Fig. 1, lane 3). This indicates that endoproteclytic processing of this
mutant precursor takes place at the correct site but, as expected, lack of the
oligosaccharide chain gives rise to a small subunit of 18 kDa.

Both CTgp- and SL15p- precursors are not detected in a processed form
and only the Sl.15p mutant can be immunoprecipitated from the culiure medium,
albeit in minute amounts (Fig. 1, lanes 6 and 7). Endogencus COS-1 protective
protein is visible throughout the flucrograph (Fig. 1). Together the data demonstrate
that each targeted amino acid substituticn has & profound effect on the processing
and secretion of the protective protein.

To determine which of the twe oligosaccharide chains on human protective
protein acquires the mannose-6-phosphate (M6P) recognition marker transfected
COS-1 celis were labeled with [32P]phosphate. Radiolabeled proteins from cell
homogenates and media were immunoprecipitated using anti-54 antibodies. For
comparison cDNAs encoding mouse protective protein {(Galjant et &/, 1990} and a
human-chicken hybrid protective protein (Galjart ef af, 1891) were also transfected.
As shown in Fig. 2, both the precursor polypeptide as well as the 32 kDa chain of
human and mouse protective proteins incorporate the label (Fig. 2, lanes 1 and 2},
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demonstrating that it is the sugar moiety on the 32 kDa subunit that carries the M6P
recognition marker. The anti-54 antibodies immunoprecipiiate mouse protective
protein less efficiently. The same holds true for the human-chicken hybrid, of which
only the 58 kDa precursor form is brought down by the antibodies under the
experimental conditions used (Fig. 2, lane 3). Of the three glycosylation mutants
only NQ305 is phosphorylated and in part processed (Fig. 2, ianes 7-9), indicating
that loss of the sugar moiety on the 20 kDa polypeptide does not influence the
phospherylation process. A notable difference is now detected between CTgg- and
SL4sg-mutant precursors: the latter is phosphorylated and secreted in tiny
quantities into the culture medium (Fig. 2, lanes 4 and 5). The faint 54 and 32 kDa
bands visible throughout the autoradiograph represent endogenous COS-1 pro-
tective protein.

]SL wt]NQ]NQLNO.g'.:

wit Mo] Ch\CT
{s¢) whip2paz

Fig. 2 Phosphorylation of transiently
expressed protective proteins.
COS-1 cells were transfected with the
pCD-constructs described in Fig.1 and
with two other expression plasmids con-
taining the cONAS encoding mouse pro-
tective protein (Mo} and a human-
chicken hybrid protective protein (HCh).
Two days after transfection cells were
tabeled with [32P] phosphate and ra-
diclabeled proteins were immunopre-
cipitated from cell lysates and media
using anti-54 antibedies. Molecular
sizes of precursor and mature polypep-
tides are indicated at left. Exposure
time of the autoradiograph was cone
day.

32

20—

58~
54

medium

1 2 34 56 7 8 8

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

To further investigate the fate of the normal and mutant protective proteins pulse-
chase experiments were carried out. Transfected COS-1 cells were labeled with
[3H]leucine for 30 min, and chased for 2 maximal period of 6 hr. As shown in Fig. 3,
processing of the 54 kDa wildtype precurser to its 32/20 kDa two-chain form is
detected after 30-60 min chase (Fig. 3, wi(se), lanes 1-5). The majority of the
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overexpressed precursor, however, is secreted into the culture medium. Secreted
molecules are visible after 30 min chase. Accumulation of radiocactive material in
the medium reaches a maximum level at 3 hr and declines after € hr, indicating that
internalisation of some of the labeled precursor has taken place.

cells

medium

Fig. 3. Pulse-chase analysis of wildtype and mutant protective proteins.

COS-1 cells, transfected with the pCD-constructs explained in Fig. 1, were fabeled for 30
min with P’H]Ieucine and chased for the periods of time indicated above the lanes. La-
beled proteins were immunoprecipitated from cell extracts and media with anti-54
antibodies, separated by SDS-PAGE under reducing conditions and visuafized by
fluorography. Molecular sizes of precursor and mature polypeptides are at left. The
arrowhead indicates the position of the 18 kDa subunit of the NQzps mutant protective
protein. Exposure times of the fluorographs, celf sampies: wi{se), 8 days: Nq1, No1sz.
CT, 5L, 4 days; Nop. wi(a), 20 days; all media samples: 2 days.

Deletion of the oligosaccharide chain on the 32 kDa subunit results in the
synthesis of a mutant precursor, which is not proteolyticaily processed, but is
secreted (Fig. 3, NQ1, lanes 1-5). However, release of this precursor from
transfected celis is more gradual compared to wildtype protein and ne decline is
visible after 6 hr chase, suggesting that once the NQ117 precursor arrives in the
medium it is stably stored and not endocytosed. The NQ3gs mutant protein instead
behaves differently. Intracellularly, the processing to a 32/18 kDa two-chain form is
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followed by degradation of this aberrant mature protein (Fig. 3, NQ2, lanes 1-5).
Thus, either the deletion of the oligosaccharide chain ¢on the 20 kDa subunit is
deleterious for the stability of the mature form or it is the aminc acid substitution per
se that causes this instability. Secretion of the NQags precursor appears io be de-
layed in comparison o wildtype and NQq417 precursors and the amount of
immunoprecipitable material is reduced. The kinetics and degree of secretion of
NQ147- and NQ3ps mutants suggest that both precursors are in part withheld
intraceliularly. This effect is apparently additive since the double glycosylation
mutant is not detected in the culture medium. Instead it is slowly degraded afier
synthesis without undergoing any processing (Fig. 3, NQ1&2, lanes 1-5). The same
happens to the CTsg- and SL4gp-proteins, yet in the iatter case small quantities of
the mutant precurser polypeptide escape to the culture medium afier 3-6 hr chase
(Fig. &, CT and SL, lanes 1-5). Processing of endogenous COS-1 protective protein
can be visualized after a prolonged exposure of the flucrograph {Fig. 3, wi(a), lanes
1-5). Intracelivtarly, its maturation pattern is similar to that observed for wildtype
protective protein, but no immunopracipitable form is recovered from the culture
medium. In the wi(se} and NQgzps fiuorographs, that were expased for longer
periods (8 and 20 days, respectively), the presence of an additional proteolytic
fragment of 35 kDa is detected. This protein is likely the result of aspecific
proteclysis.

Limited proteolysis of secreted wildtype and selected mutant protective proteins
with trypsin.

Aminc terminal sequencing of the 20 kDa chain derived from purified placental
protective protein revealed that its first amino acid is preceded in the precursor
molecule by an arginine at position 298, a residue conserved in mouse and
chicken protective proteins (Galjart ef al, 1988; 1890; 1981). Therefore, we
assessed whether the normal endoproteolytic processing of precurser protective
protein could be mimicked by trypsin and yield a mature and active two-chain
enzyme. Initial experiments demonsirated that limited proteclysis of COS-1 cell-
derived 54 kDa precusor with trypsin gives rise 10 a two-chain molecule whose big
subunit binds radiclabeled DFP (not shown). On SDS-PAGE this subunit is slightly
larger than the normal 32 kDa chain, whereas the trypsin-generated 20 kDa
subunit is identical in size {0 the wildtype {(Zhou et 2/, 1991). We extended these
experiments to determine the influence of the deletion of either of the two
oligosaccharide chains on the stability and/or activity of the protective pro-
tein/cathepsin A. Radiolabeled COS-1 cell-derived precursors were aliquctited and
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each sample incubated with a fixed amount of trypsin for increasing periods of time.
Reactions were stopped by the addition of trypsin inhibitor. Afterwards cathepsin A
activity was measured in each aliquot followed by immunoprecipitation with anti-54
antibodies. As shown in Fig. 4, trypsin digestion of wildtype human protective
protein precursor gives rise {0 a two-chain product with constituent polypeptides of
about 32 and 20 kDa. This protein is resistant to further trypsin digestion up to 30
min at 37 °C (Fig. 4, lanes 1-6). Concomitant with the appearance of the two-chain
praoduct{s) there is a sharp increase in cathepsin A-like activity, which declines only
after 30 min. The first cleaved bond(s) is highly trypsin-sensitive, since even at t=0
small amounts of precurser protein are converted (Fig. 4, lane 2). The residual
cathepsin A-like activity in the aliquot that was not treated with trypsin (Fig. 4, lane
1) is due to the presence of some processed protective protein, inadvertently
generated while manipuiating the culture medium.

Surprisingly, the secreted and cleaved NQq{47 mutant is as resistant to
trypsin digestion as wildtype precursor (Fig. 4, lanes 7-12). The two-chain product
has a large subunit of about 30 kDa, but 2 normally sized 20 kDa subunit. The lack
of an oligosaccharide moiety does not impair cathepsin A-like activity. However,
deletion of the second oligosaccharide chain has a drastic effect on protease
resistance (Fig.. 4, lanes 13-18). Cleavage of the NQgzgs mutant precursor with
trypsin initially gives rise to a two-chain product with subunits of about 32 and 18
kDa. Along with the appearance of the twgo-chain preduct a low cathepsin A-like
activity can be detected, but both immunoprecipitable material as well as enzymatic
activity disappear upon proionged trypsin treatment, These results correlate well
with the pulse-chase experiments presented earlier. Both types of study indicate
that once an NQgs mature pretein is formed it is unstable.

Frem their behavicur on SDS-PAGE it appears as i the three secreted
precursors are all cleaved after the same residue(s)..However, we have not
determined the exact site of hydrelysis by trypsin, nor whether multiple cieavages
can occur. Thus, even a small and undetected difference in proteolytic cieavage of
the three precursor proteins could have a profound effect on catalytic activity of the
corresponding two-chain forms. This would explain why a trypsin-cleaved two-
chain NQgags mutant protein is catalytically less active. In addition, differences in
amount of secreted protein and/or resistance to trypsin will also account for the
cbserved differences in enzymatic activities.
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Fig. 4. Limited proteolysis with trypsin of wildtype and mutant protective protein

Lrecursors.

COS-1 cells were transfected with pCD-constructs enceding wildtype human, NQ1- or
NQ2- rutant protective proteins. Two days later cells were labeled with [3H]feucine,
after which secreted proteins were collected by ammoniumsuiphate precipitation,using
1 mg/ml BSA as carrier, and desalted. Aliquots of the concentrated preparations were
incubated at 37 °C with 1.5 ug trypsin for the indicated periods of time. Reactions were
stopped with 3 ug trypsin inhibitor. Cathepsin A-like activity towards the acylated
dipeptide Z-Phe-Ala was measured in a part of each aliquot. One milliunit of activity is
defined as the enzyme activity that releases cne picomole of alanine per min. The
remainder of the samples was used for immunoprecipitation using anti-54 antibodies.
Labeled proteins were further treated and visualized as described in Fig. 1. Molecular
sizes of prestained protein standards are indicated to the left of each panel
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Fig.5. Subcellular localization of overexpressed mutant protective proteins.
COS-1 cells, transiently transfected with pCD-SL15g (A), -NQ71 (B), or -NQ2z (C. D}, were
fixed 72 hr after transfection, embedded and prepared fo immunoelectron microscopy.
Cryosections were incubated with anti-32 antibodies fellowed by goat anti-(rabbit IgG)-
gold fabeling. The SLys5p- and NQq- mutant proteins are only detected in rough
endoplasmic reticulum structures (R), whereas the NQg-mutant is also detected in low
amounts in the Golgi complex (G) and lysosemes (L). Bars, 0.1 um.

Localisation of mutant human protective proteins

In order to correlate the turnover of the different mutant protective proteins with a
subcellular compartment, immunoelectron microscopy was carried out on
transfected COS-1 cells. Ultrathin sections of these cells werg probed with
antibodies against the denatured 32 kDa subunit of human protective protein (anti-
32 anfibodies), followed by an incubation with geat anti-(rabbit 1gG)-gold.
Previously we have shown that in COS-1 celis wildtype human protective protein
compartimentalizes in structures corresponding to rough ER (RER), Golgi complex
and lysosomes, whereas the CTgg mutant precursor was retained in the RER
(Galjart et af, 1991). Fig. 5 shows that COS-1 cells, transfected with SLt50- or
NQ117-mutant cDNAs, are labeled almost exclusively in RER structures and not in
the Golgt complex or lysosomes (Fig. 5 A and B, respectively). The same resulis
were obtained with cells overexpressing the double glycosylation mutant (not
shown). Thus, degradation of CTe0-, SL150- and NQ(117 & 305)- precursors is
likely to occur within the ER. In cells overexpressing the NQ3os mutant protein
instead some labeling above background is observed in Colgi complex as well as
in lysosomes {Fig. 5C, D). This indicates that the NQ305 mutant protein reaches
the lysosome, where it is subsequently processed and degraded.

Quaternary structure of human protective protein precursor

The native conformation of wildtype protective protein precursor was investigated
by gelfiltration. A concentrated COS-1 cell-derived precusor preparation was
diluted in buffer at neutrai pH and applied to a Sephacryl $-200 HR column. To test -
the influence of B-galactosidase molecules on the conformation of human
proteciive protein precursor, medium of COS-1 cells, cotransfected with human
protective protein and B-galactesidase ¢cDNAs, was also applied on the column.
After elution fractions were immunoprecipitated with anti-54 antibodies and anti-
human denatured B-galactosidase antibodies (Morreau et af, 1989). As shown in
Fig. 6, under the conditions used, human protective protein precursor is
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S fraction 0

Fig. 8. Geliiltration of human protective protein precursor.

COS-1 cells were either singly transfected with the pCD-construct encoding wildtype
protective protein (Hub4) in the sense (se) oriemtation, or double fransfected with this
plasmid and a construct containing ¢DNA encoding hurnan b-galactosidase (HbGal),
also in the sense orientation. Labeling was as described in Fig. 1. Secreted proteins
were concentrated and part of the preparation was applied on a Sephacryl §-200 HR
column. After elution radiofabeled proteins in each fraction were immuncprecipated
using anti-54 and anti-human b-galactosidase antibodies. About 10 % of the orginal
concentrated preparation was taken along in the immunoprecipitation and is shown in
the left part of the figure. Proteins were further treated as described in the previous
figures. The elution position of the separately applied globuiar marker proteins is
indicated above the filuorograph. PPp, protective protein precursor; bGp, b-
galactosidase precursor. Exposure times, 3 days for left pansl, 14 days for upper pangl
and 7 days for lower panel.

predominantly recovered from the column in a fraction corresponding to a
molecular mass of 85 kDa. A small percentage of precursor molecules is detected
in multimeric form (> 440 kDa). This distribution pattern is not influenced by the
presence of 3-galactosidase precursor. The latter is more equally divided over

131



monomeric (80 kDa) and broad multimeric peaks. The data indicate that the
protective protein can form homodimers as well as multimeric aggregates at
precursor level and neutral pH, independent of the presence of B-galactosidase
precurscr. The estimated size of the homodimeric form is smaller than would be ex-
pected of two precursor molecules of 54 kDa. Actually, peak fractions of ho-
modimeric protective protein and monomeric B-galactosidase almost coincide. This
indicates that protective protein dimers do not assume a globular shape, whereas
B-gatactosidase precursor monomers elute with a calculated molecular mass that
correlates very well with the size estimated by SDS-PAGE (d'Azzo et al, 1982).

Total cell extracts of labeled COS-1 cells, transfected with normal protective
protein cDNA have also been used for gelfiltration analysis, at pH 5.5. This gave
rise to identical results as shown in Fig. 6 with the additicn that also mature
protective protein forms homodimers (not shown). Both precursor as well as mature
protein elute in the same fractions. Thus, proteoiytic conversion of the protective
protein does not alter dramatically its hydrodynamic properties. These data agree
well with the gelfiltration studies of Jackman et al (Jackman ef af, 1838¢), who
demonstrated that their purified platelet deamidase elutes as a homodimer of 94
kDa.

Discussion

We have analyzed the intraceliular transport, precessing and structure of protective
proteins carrying targeted amino acid substitutions in order to get insight in the
conformational charactieristics of normal precursor and mature proteins,
independently of B-galactosidase or neuraminidase. Experiments were carried out
using the COS-1 cell system to transiently express normal and mutated proteins.
We have found that ail aminoacid substitutions interfere with or impair
completely the exit of the different mutant proteins from the ER. These results are
in contrast to the behaviour of two protective protein active site mutants, SA{gg and
HQ429, described earlier {(Galjart ef al, 1991), whose biosynthesis and
processsing resemble completely that of the wildtype protein. After synthesis the
ER-retained mutant proteins are degraded. Their turnover is not as rapid as the
degradation of the T cell receptor a-chain (Lippincott-Schwartz et al, 19888), but it
compares well to the turnover rate of a natural mutant of the a-subunit of lysosomal
B-hexosaminidase (Lau and Neufeid, 1988). Although different amino acid
substitutions could well result in differential foiding of the various mutant
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precursors, the observed degradation rates seem quite similar, The SL{50 mutant
is even phosphorylated, albeit poorly, indicating that part of the total pool of
synthesized molecules reach a pre-Golgi site whare the first phosphorylation step
is thought to occur (Lazzarino and Gabel, 1988). Some of the phosphorylated
molecules are allowed to ieave the ER, as judged by the detection of small
quantities of SL150 precursor in the culture medium. The other part could be
specifically retrieved from a post-ER compartment (Petham, 1988). it is interesting
to note that an alanine substitution of the active site serine in the protective protein
is well supported but replacement of the same amino acid with a more bulky
leucine residue has drastic effects on the conformation of the precurser molecule.

A large amount of labeled human precurser protein is secreted instead of
being transported to the lysoscemes. This is not uncommon for overgxpressed
lysosomal enzymes, it has for example been found for the a—subunit of human §-
hexosaminidase in transfected COS-1 celis (Lau and Neufeld, 1988), for human
cathepsin D in baby-hamster kidney cells {Horst and Hasilik, 1991, Isidoro et &/,
1991) and for mouse cathepsin L, which is the major excreted protein (MEP) In
transformed mouse fibroblasts (Dong et al, 1988). Secretion of the a-subunit of B-
hexosaminidase (Lau and Neufeid, 1989) and human cathepsin D (Horst and
Hasilik, 1991; Isidoro et af, 1991) by the different cell types is not influenced by the
addition of the lysosomotropic agent NH4Cl, something we noticed as well in the
case of overexpressed human protective protein (Galjart ef a/, 1988). It has been
suggested that different protein sorting systems are present, that target tysosomal
enzymes to their final destination with variable efficiency (Horst and Hasilik, 1921,
Isidore et al, 1891).

NQ117- and NQ3g5 glycosyiation mutants are secreted in reduced amounts
compared t¢ wildtype protective protein, a fact that is explained by their partial
intracellular retention. However, we were unable to demonstrate with
immunoelectron microscopy the presence of NQ1 {7 precursor protein in the Golgi
complex in contrast to the NQgzos mutant. Perhaps transpont of NQ117 molacules
through this compartment is very rapid, because of the lack of a productive
interaction with the phosphoiransferase system and in turn with M&P-receptors. |f
the possible influence of an Asn to GIn amino acid substitution on the three
dimensional structure of the protective protein is excluded, we can ascribe the
following peotential functions to the two oligosaccharide chains: 1} both are impor-
tant for the timely exit of protective protein precursors from the ER; 2) the chain on
the 32 kDa subunit is necessary and sufficient for acquisition of the MBP-
recognition marker, it is however neither essential for the stability nor for the
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catalytic activity of mature two-chain protective protein; 3; the chain on the 20 kDa
subunit is crucial for the stability of the mature two-chain form. The iatter
supposition is substantiated both by the pulse-chase experiments as wall as by the
limited proteolysis with trypsin. In addition {¢c what we observe experimentaily, the
position of the oligosaccharide chain on the 20 kDa subunit near the 32/20 kDa
boundary and its location within a conserved stretch of amino acid residues could
also imply a specific role for this sugar chain. Combined the fincings ingicate that it
could actually serve as an age marker for the protective protein (Winkler and
Segal, 1984a; 1984b). In this model its stepwise trimming by glycosidases in the
lysosome would render the mature protective proiein increasingly unstable.

Limited proteolysis of the wildiype protective protein precursor with trypsin
immediately gives rise to a mature twe-chain molecule, that is rather resistant to
further cleavage. From the size of the generated 20-kDa fragments it seems as if
both the initial intraceilular endoproteolytic processing as well as the trypsin
cleavage take place within the same domain, perhaps even after the same residue.
The resuits indicate that a region is present in the precursor molecule that is very
sensitive to proteoiysis and it will be of interest tc determine whether other
enzymes could cleave within the same domain. If so one could imagine that the
conversion of protective protein to its mature form could oceur in an extracelluiar
environment by circulating proteases.

The gelfiltration experiments suggest that dimerisation of wildtype human
protective protein precursors takes place at neutral pH. Such an event could cccur
within the ER, although this should be demonstrated experimentally. The finding of
a natural mutant protective protein that cannot form dimers and is panially retained
in the ER (Zhou gt al, 1891), is consistent with this hypothesis and would indicate
that dimerization is a prerequisite for quick exit out of this compartment.

Multimerisation of protective protein precursors is & mincr event under the
conditions used here. Surprisingly, however, Zhou ef af (1891) have found over 50
% of secreted wildtype human precursor melecules in multimeric form. The latter
result was obtained by applying a more concentrated protein preparation on the
column. These resuits together indicate that at neutral pH a protein concentration
dependent equilibrium exists between dimeric and muitimeric protective protein
precursors. Since multimerisation takes piace in the absence of labeled B-
galactosidase precursors, it would seem that compiex formation is a property of the
protective protein precursor sclely. Using purified recombinant human protective
protein we are currently investigating in more detail the factors that influence its
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multimerisation, whether it be in precursor state or in a mature two-chain
conformation.

Footnotes

1) Abbreviations used are: DFP, diisopropylflucrophosphate; PCR, polymerase chain reaction;
SD8, sodium dodecyl sulfate; M8P, mannose-8-phosphate; ER, endopiasmic reticulum,
PAGE, polyacrylamide gel electrophoresis; Z, benzyloxycarbonyl.
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A MUTATION IN A MILD FORM OF GALACTOSIALIDOSIS IMPAIRS
DIMERIZATION OF THE PROTECTIVE PROTEIN AND RENDERS IT
UNSTABLE

Xiao Yan Zhou, Niels J. Galjart, Rob Willemsen, Nynke Gillemans, Hans Galjaard
and Alessandra d'Azzo

Dept. of Cell Biclogy and Genetics, Erasmus University, P.O. Box 1738, 3000 DR Rotterdam,
The Netherlands

Summary

The lysosomal disorder galactosialidosts Is caused by deficlency of the protective protein
in the absence of which the actlvitles of the enzvmes B—galactosidase and neuraminidase
are recuced. Aside from Hg protective function towards the two glycosidases this protein
has cathepsin A-like activity. A point mutation In the protective proteln gene, resuiting In the
substitution of Phe®12 with Vat In the gene product, was identliled In two unrelated patlents
with the [ate infantile form of the disease. Expression in CCS-1 cells of a protective protein
cDNA with the base substitution resuited In the synthesis of 2 mutant proteln that lacks
cathepsin A-like activity. The newly made mutant precursor was shown to be partially re-
talned In the endoplasmic reticulum. Only a fraction is transported to the lysosomes where
it Is degraded scon after proteolytic processing Into the mature two-chaln form. Since the
mutant precursor, contrary to the wild type protein, does not form hemodimers, the
dimerizatlon process might be a cendition for the proper targeting and stable conformation
of the protective protein. These results clarify the mechanism underlying the comblined de-
ficlency In these patients, and give new Insight Inte the structure/function relationship of the
wild type protein.
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Galactosialidosis is an inherited metabolic storage disorder transmitted as an auto-
somal recessive frait (O'Brien, 1989}, t is caused by mutation of the gene encoding
the lysosomal protective protein (d'Azzo et al,, 1982) which normally associates
with the enzymes [B-D-galactosidase (E.C. 3.2.1.23) and N-acetyl-a-neu-
raminidase (sialidase, E.C. 3.2.1.18) and regulates their intralysosomal activity
and stability (Verheijen ef al., 1982; Hoogeveen et al., 1983; van der Horst et a/,,
1989). Deficient or non functional protective protein causes impaired activities of
the two glycosidases and consequent storage of predominantly sialylated
oligosaccharides in tissues and urine (Wenger et al, 1678; Ckada et /., 1977; van
Pelt et al., 1988a; 1988b;1989).

Althcugh the disorder is rare, several dozens of patients of different sthnic
origin have been described (Pinsky ef al. 1874; Andria et al,, 1981; Suzuki st al.
1984; Loonen &t al.,, 1984; Sewell ef af,, 1987; Chitayat et al,, 1888). They are clini-
cally heterogensous having either a very severe eatly onset form of the disease,
mostly fatal at birth, or mild and slowly progressive late onset types, Patients with
an early infantile phenotype have severe CNS involvemnent, macular cherry red
spots, visceromegaly, skeletal abnormalities, renal dysfunction and coarse facies.
Juvenile/adult forms, mainly of Japanese origin, are characterized by features like
skeletal dysplasia, dysmorphism, macular cherry red spots, slowly progressive
mental and metor deterioration and angiokeratoma. Sc far a defined, small group
of patients represents the late infantile phenctype. These patients are all alive and
have developed symptoms at 12-24 moenths of age with the main features being
visceromegaly, dyseostosis multiplex, heart invelvement, but no mental retardation
(Pinksy ef al,, 1974, Andria et al., 1978; 1981; Chitayat ef al,, 1988; Strisciuglio ot
al., 1990). This broad spectrum of clinical manifestations in distinct galactosialido-
sis phenotypes can only in part be correlated with differences in the level of ex-
pression of protective protein mRNA (Galiant et al,, 1988) and the amount and/or
property of immunoprecipitated polypeptide (d'Azzc et al., 1982; Palmeri et al.,
19886).

The human protective preotein is synthesized as a 54 kDa precursor that is
cieaved and modified in lysosomes into a mature 32/20 kDa two-chain product
(d'Azzo et al., 1982; Galjar et al., 1988). Traces of 32 kDa polypeptide could be
immunoprecipitated from fibroblasts of two late infantile galactosialidosis patients,
but only when these cells were treated with the protease inhibitor leupeptin
(Paimeri ef al,, 1986; Strisciuglio ef al,, 1988). These findings led 1o the supposition
that the presence of a minimal amount of mature protective protein in these patients
could account for their milder clinical course (Strisciuglio et al, 1888).
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The primary structures of human, mouse and chicken protective proteins
have been found to be homologous to yeast and plant serine carboxypeptidases
(Galjart et af, 1988, 1990, 1991). This observation led {o the discovery that the
protective protein has cathepsin A-like activity (Galjart et al,, 1991). Clinically dis-
finct galactosialidosis patients, reported to have reduced activity of a lysosomal
carboxypeptidase called carb L (Tranchemontagne ef al., 1920; Kase et af.,, 1990),
are thus deficient in the cathepsin A-like enzyme (Galjant et af, 1931). Although the
physiclogical implications of these findings are as yet unclear, this lysosomal dis-
order should be viewed as the first one that is also associated with a protease de-
ficiency. Jackman ef al. (1990) have reporied on a2 deamidase/carboxypeptidase
enzyme purified from human platelets that enzymaticzally resembles cathepsin A
and has sequence identity fc the N-termini of the protective protein chains. Using
protective protein mutants with targeted amine acid substitutions we have es-
tablished that the protective and catalytic activities of the protein are distinct (Galjart
ef al, 1981), and the latter can only be exerted after conversion of the inactive pre-
cursor (zymogen) into the mature and stable two-chain form (Galjart ef al, 1990).

We have identified different mutant alleles associated with the three clinical
galactesialidosis phenotypes of mainly Eurcpean patients. In the present study we
focus on the mutation underlying two unrelated patients with the late infantile form
of the disease. They both carry the same point mutation in the protective pretein
gene resulting in the substitution of Phe412 with Val in the gene product. The mu-
tation was shown to impair the formation of protective protein precursor homo-
dimers which in turn might be responsible for the observed partial retention of the
mutant precursor polypeptide in the endoplasmic reticulum (ER). The fraction that
does reach the lysosomes is catalytically inactive and undergoes rapid intralysc-
somal degradation.

Resulis

Point mutation identified in the protective protein/cathepsin A cDNA of two galac-
tosialidosis patients.

The first patient analyzed is the child of heaithy unrelated italian parents. His disor-
der was diagnosed at the age of two and his ¢linical and biochemical characteris-
tics have heen described earlier (Andria et al,, 1878; 1981; Palmeri ef al,, 1886). In
total RNA preparations from the patient's fibroblasts a normal amount of 2 kb pre-
tective protein transcript was detected (Galjart et al, 1988). In culiured fibroblasts
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this mRNA was translated into a 54 kDa mutated precursor that was eonly poorly, if
at all, processed to the mature form (Palmeri et al, 1886). Consequently, no
cathepsin A-like activity was measured in cell iysates from the patient (Galjart et al.,
1881).

To identify the genetic lesion underlying this phenotype, we first analyzed
the c¢DNA derived from the patient's mRBNA. Four overlapping fragments, encom-
passing the entire coding region, were reverse iranscribed, amplified by the poly-
merase chain reaction (PCR), cloned and sequenced on both strands. The only
difference between normal and mutant nudlectide sequences was a single base
substitution, T to G, at position 1324 of the normal ¢cDNA (Galjart et al., 1888),
changing Phe4! 2 {LTC) to Val (GTC). Ten subclones of the cDNA portion including
the base substitution showed the same mutation. The resulis were somewhat sur-
prising since the parents of this patient were reported to be non consanguineous.
However, direct sequencing of a 238 bp genomic region surrounding the mutation,
amplified by PCR from total DNA of the patient and his parents, cenfirmed the
cDNA data (Figure 1, upper panel). The patient is clearly homozygous for the T 1o
G transversion, whereas beth carriers are heterozygous for this mutation.

Since the T to G substitution generaies a new Acyl restriction site in the mu-
tant DNA, this point mutation can be easily detected by digesting the amplified 239
bp genomic fragment with Acyl. As shown in Figure 1 (lower panel), the patient's
DNA releases upon digestion two fragments of 159 bp and 80 bp (lane 4), instead
of the uncut fragment present in normal DNA (lane 1), Ampiified samples from both
parents display heterozygous patterns (lanes 2 and 3). We used this assay to
screen for the T to G transversion DNA samples of seven clinically different galac-
tosialidosis patients. in only ong other unrelated Canadian late infantile patient
(Pinsky et al., 1974) the same mutation was found (not shown). It was reported ear-
lier that in culiured fibrobiasts from this patient 2 small amount of protactive protein
precursor was synthesized that again failed to mature {Palmeri et al., 1888). As de-
duced from the Acyi digestion pattern, this patient carries the T t0 G substitution on
one zallele, whereas the other has a normal sequence in that region. Direct se-
quencing of the corresponding genomic DNA fragment validated the compound
heterozygosity. Only the product of the T to G mutant allele was seen in direct se-
guences of the patient's ¢cDNA (not shown), suggesting that a second mutation in
the other allele either impairs its transcription or gives rise t¢ an unstable mRNA.
Our findings indicating compound heterozygesity explain why a reduced amount of

protective protein transcript is detected in total RNA preparations from the patient's
fibroblasts.
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Figure 1. Upper.
Fartial nuclectide sequence of the protective protein/cathepsin A gene
from the ltalian galactosialidosis patient and his parents. Genomic DNA was
isolated from fibroblasts of a normal individual, the patient and his parents and
subjected to asymmetric PCR in the region containing the mutation. The products
were directly sequenced. A portion of the autoradiograph from the seguencing gels
is shown. The T to G transversion is indicated in bold. Arrows peint to the double
band at one position that is present in the nucleotide sequences of both parents. 5
and 3' refer to the orientation of the protective protein cDNA (Gafjart et al, 1988).
Lower.
Acyl restriction enzyme assay for the T to G mutation. Genomic fragments,
amplified from total DNA of the patient and his parents, were incubated with Acyl at
37°C for 2 hr. Restriction fragments were analyzed by electrophoresis on a 4%
NuSieve agarose gel and stained with ethidium bromide. Molecular sizes are
indicated at feft.
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vait12 mutation impairs the catheptic activity of the mutant protein and causes
partial retention of its precursor in the ER.

To assess the effect of the Phe412 10 Val amino acid substitution on the biochemi-
cal behaviour of the protective protein/cathepsin A, the mutation was introduced
into the normal ¢DNA (Hu54) by oligonucleotide mediated site-directed mutage-
nesis. Normal and mutant cDNAs were expressed in COS-1 cells under the control
of the SV40 early promoter. As shown in Table 1, the Phe*12 1o Val change ren-
ders the enzyme inactive since no increase in cathepsin A-like activity can be mea-
sured above endogenous COS-1 levels; in contrast a 10-fold higher activity is de-
tected in cells expressing the wild type protein. In transfected cells [abeied with ei-
ther [BH]leucine (Figure 2, left panel) or with [S2P]phosphate (Figure 2, right panel)
the mutant protective protein is immunoprecipitated as a 54 kDa phosphorylated
precursor that does not appear to be processed and is secreted 1o a lesser extent
than the wild type form. These results demonstrate that the site directed val#12
mutation reproduces the patient's phenotype in that it gives rise 10 a catalytically
inactive protective protein/cathepsin A with impaired post-transiational processing.

Table1t. Cathepsin A-like activity in COS-1 cells transfected with wild type and
mutant protective protein cODNAs.

Transfected DNA Activity
{Units/mg protein)
Hu54 {sense) 387
Hu54 Phe412 to Val 31
Hub4 (anti) 34

COS-1 cells were transfected with pCDHuS4 gense (se), pCDHuS4 Phe?12 1o val or PCOHUS4
antisense (a). After 72 hr cells were harvested by trypsinization and cathepsin A-fike activity was
measured in cell extracts using N-carbobenzoxy-L-phenylalanyl-L-alanine (Z-Fhe-Ala) as a
substrate. One unit of activity is defined as the activity that releases 1 nmof of alanine per
minute.
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Figure 2.

Figure 3.
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Immuneprecipitation of normal and mutant protective proteins in
transfected COS-1 cells. COS-1 cells were transfected with pCDHu54 sense
{wt, se), pCDHu54 antisense (wt, a) and pCDHu54 Pne?12 1o Val (FV, sej. Two
days after transfection newly synthesized proteins were labeled for an additional
12 hr with [SH]Ieucr‘ne {left panel) or for 7 hr with [32P]phos,ohate {right panel).
Labeled proteins from cells and media were immuncprecipitated, resclved on
12.5% SDS-polyacrylamide gels under reducing conditions, and visualized by
flucrography (left) or by autoradiography (right). Molecular sizes of precusor and

mature polypeptides are indicated. Exposure times were 5 days for ieft panel, 1
day for right panel.

Ultrathin cryo-sections of COS-1 cells, transfected with pCDHu54 (A,

B and C ) or pCDHu54 Phe*12 to Val (D and E) and labeled with
anti-82 kDa antibodies and goat anti-rabbit IgG-gold. In A, B, and €
extensive labeling of rough endoplasmic reticuium structures (R), Golgi complex
(G) and a lysosome (L) is shown, but not of a mitochondrion (M). In contrast, a
weakly labeled Golgi complex (G) is seen in D. E shows strong labeling of rough
endoplasmic reticulum (R) and a few gold particles in a lysosome (L).
Magnifications were 45.000 x for A, 58.000 x for B, 93.000 x for C, 64.000 x for D
and 65.000 x for E.
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Using immunoelectronmicroscopy, we have studied the intracellular distri-
bution of Val412 protein overexpressed in COS-1 calls. As shown in Figure 3, the
amount of gold particles present in the ER of cells expressing wild type and mutant
protective proteins is similar (Figure 3, A and E). However, a drastically reduced la-
beling of the Golgi complex is found in cells expressing the Val412 mutant com-
pared with those expressing the normal protein (Figure 3, C and D). Labeling of
lysosomes is detected in cells transfected with either of the two ¢cDNA constructs,
but again the overal number of grains is distinctly diminished {less than 10%}) in
lysosomes of cells transfected with the mutant ¢cDNA (Figure 3, B and E and Table
2). It therefore appears that the Phe412 {0 Val substitution causes retention of the
precursor polypeptide in an early biosynthetic compartment. However, this reten-
tion can only be partial since some molecules of the total mutant precursor pool are
routed to the Golgi complex, undergo phospherylation as well as secretion and are
correctly comparimentalized in lysosomes.

Table 2. Quantitative data on the immunolabeling of lysosomes in different
CO8&-1 transfected cells.

Transfected DNA Lysosomes counted Gold particles*
Hu54 (sense) 30 125 (13)
Hu54 Phe4'2 to Val 30 7 (1)
Hu54 (anti) 55 1 {.3)

”*
The values represent the average number of gold particles per lysosome. The standard error
of the mean (SEM) is indicated between brackets.

Mutant precursor does ot dimenze af neutral pH.

It was previously reported that mature lysosomal cathepsin A, purified from different
species, elutes on gel filtration as a dimer of about 85-100 kDa (Simmons and
Walter, 1980; Jackman et af., 1290). We have recently shown that the protective
protein can also form homodimers at the precursor level and neutral pH (N.J. Gal-
jart and A, d'Azzo, submitted), suggesting this to be an endoplasmic reticulum/early
Golgi event. We have now tested the effect of the Phe?12 10 val change on the elu-
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tion pattern of the miutant precursor after gel filtration. COS-1 cells were transfected
with either wild type or mutant protactive protein ¢cDNA constructs, and labeled with
SH-lsucine. Medium samples containing the secreted precursor forms, were con-
centrated, desaited, and applied on a Sephacryl $-200 column. Protective proiein
precursor was immunoprecipitated from each fraction using anti-54 kDa antibodies.
As shown in Figure 4, about 50% of wild type precursor is resolved as a dimer of
~85 kDa, whereas the remaining ~50% forms aggregates of high meolecular weight
{upper panel). Multimerization seems to be concentraticn dependent (N.J. Galjart
and A. d'Azzo, submitted). In contrast the majority of the mutant polypeptide is im-
munoprecipitated as 2 monomer of ~37 kDaand only a small fraction elutes as a
multimer (Figure 4, lower panel). Both normal and mutant native precursors appear
to be non globular proteins since they elute later than expected for polypeptides of
54 kDa. These findings suggest a correlation between the absence of dimerization
of the mutant proform and its retention in an early biosynthetic compartment.

kDa v v M é

54—

witd type

55 50 &5 . 70 B . 75 . . 80 St;i: m-l
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50 55 80 §5 70 75 80 a5 mi

Figure 4. Gel filtration analysis of normal and mutant protective protein precursers
secreted by transfected COS-1 cells. Secreted radiolabeled proteins from COS-
1 cells transfected with wild type or mutant (Phe4 72“ Val} cONAS were concentrated,
desalted and applied on a Sephacryl S-200 column. Precursors were
immunoprecipitated, resolved and visualized as in Fig.2. The elution position of the

separately applied globular protein markers is indicated above the fluorcgraphs:
fersitin (F), aldolase(A), BSA(B), and ovalbumin{O).
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Mutant 32/20 kDa iwg-chain product is rapidly degraded.

To test whether the amino acid substitution would affect or mask the recognition
site of the endoprotease that normally converis the precursor 1o the two-chain form,
the following experiment was performed. COS-1 cells, overexpressihg either the
normal or the mutant cDNA, secrete suificient amounts of the corresponding 54
kDa precursors. These secreted forms were subjected to partial in vitro proteolysis
using a fixed concentration of trypsin at increasing time points of incubation (Figure
5). After 2 minutes the normal precursor is already fully trimmed into 32 and 20 kDa
subunits that remain rather stable during longer incubation times, though some
degradation seems to occur after 30 minutes {Figure 5, left panel). The mutant pre-
cursor instead dces undergo proteolytic cleavage but this is followed by rapid
degradation of the 20 kDa subunit which is only barely visible after 2 minutes incu-
bation. it is likely that this event renders the 32 kDa chain also unstable (Figure 5,
right panel).
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Figure 5. Trypsin digest of normal and mutant protective protein precursors
secreted by transfected COS-1 cells. Transfections were carried out with the

pCD-constructs described in Table 1. Cells were labeled with p"'H]!eucine 48 hr after
transfection. Aliquots of medium concentrates containing the secreted precursor

polypeptides were incubated with 1 mg of trypsin at 37°C for 0.2,5,10,30 minutes,
respectively. Trypsin was inactivated by addition of 3 mg trypsin inhibitor.
Radiolabeled proteins were immunoprecipitated, resoived and visualized as in Fig. 2.
Lane 1, immunoprecipitation of intracellular protective protein from pCDHus4
transfected COS-1 celfs. Lanes 2-6, trypsin digest of normal protective protein
precursor. Lane 7-12, trypsin digest of mutant precursor. Molecular sizes of precuser
and mature polypeptides are indicated at left. Exposure time for lanes 1-6 was 48 hr,
and for lanes 7-12 was 5 days.

We next investigated whether the mutant protective protein retains the ca-
pacity o associate with B-galactosidase. For this purpose COS-1 cells were double
transfected with constructs enceding either wild type protective protein and B-
gaiactosidase, or val412 protein and B-galactosidase. The physical association
between either of the two protective proteins with B-galactosidase was determined
by measuring co-precipitation of the latter enzyme with monospecific anti protective
protein antibodies (anti-54). In both COS-1 cell lysates about 70% of B-galactosi-
dase activity was co-precipitated, under conditions that brought down virtually ali
cathepsin A-like activity. The association was specific since in cells co-expressing
the mutant protective protein and human lysosomal B-hexosaminidase the latter
enzyme was not co-precipitated with the anti-54 antibodies. In addition, biosyn-
thetic labeling studies have provided evidence that the interaction between the
mutant protective protein and p-gaiactosidase ¢an occur at precursor level {H. Mor-
reau and A. d'Azzo, submitted for publication).

Taken together these results suggest that the Phe?12 1o Val substitution
does not disturb the tertiary structure of the precursor polypeptide to the extent that
it would compietely inhibit its transpent to lysosomes, endoproteciytic processing,
and even association with the other two lysosomal enzymes. Once in lysosomes,
however, the fast degradation of the mutant protein, initiated by endoproteolytic
cleavage of the 54 kDa precursor, would explain the loss of protective function to-
wards B-galactosidase and reuraminidase.
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Discussion

Galactosialidosis patients with the late infantile form of the disease make up a de-
fined subtype for the following reasons: they exhibit symploms within the first two
years of life, they have a slow and relatively mild progression of the disease, and,
most impertant, the patients for whom a clinical update has been made (Chitayat et
al., 1988; Strsciuglio et al,, 1820, G. Andria and P. Strisciuglic, persenal communi-
cation) do not show signs of mental retardation. The latter characteristic seems to
be unique for this group and is in contrast with the severe neurological involvement
observed in early infantiie and even juvenile/adult cases. We were interested in
identifying the genetic iesion(s) underlying this phenotype starting with the under-
standing of how a natura! mutation in the gene impairs the gene product and at
what subcellular level.

In this report we have described a point mutation in the protective protein
gene present in two unrelated late infantile galactosialidesis patients of ltalian and
Canadian origin. The mutation consists of 2 T to G transversicn at position 1324 of
the human cDNA which results in the replacement of phenylalanine with valine at
residue 412. The lalian patient is homozygous for this mutation whereas the
Canadian patient is a compound heterozygote carrying the Val412 substitution to-
gether with an, as vet, unidentified lesion in the other aliele. The unknown mutation
apparently causes a significant decrease in the amount of protective protein mRNA
suggesting a defect in transcription or mBNA stability. The T to G substitution in-
stead does not interfere with the synthesis of an mRBNA of correct size and quantity.
In both patients' fibroblasts this transcript is translated into an abnormal precursor
that is not or hardly processed to the mature two-chain product and consequently
lacks cathepsin A-like activity (Palmeri et af, 1986; Galjart et af,, 1981).

Using site directed mutants with the Phe412 1o val change we have
demonstrated that this mutation is the one responsible for the in vive phenotype
affecting posttranslational modifications, intracellular transport and catalytic activity
of the protective protein/cathepsin A. Cverexpression of the mutant protein in COS-
1 cells made it possible to follow its intracellular distribution for the first time. It be-
came apparent that only a fraction of the newly synthesized precursor pool leaves
the endoplasmic reticulum and gets compartmentalized. These molecules fold
properly inasmuch as they acquire the mannose-6-phosphate marker, are routed to
lysosomes and are also secreted. In addition, there is evidence that the amino acid
change does not prevent the recognition of the mutant precursor by one of the
other compenents of the complex, B-galactosidase. i is conceivable that in vivo 2
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fraction of Val412 precursor that exits the ER is associated with B-gatactosidase
and reaches the lysosomes, where it gets rapidly degraded in its processed two-
chain form. This event would in turn provoke the loss of protective function towards
B-galactosidase and neuraminidase, although the mode and site of interaction of
the latter with the other two components is until now unknown. Our results raise the
possibility that the protective function of the protein, contrary to its catalytic activity,
could be exerted aiready at precursor level. They are also conformable with the
presence of residual mature protective protein in lysosomes of patients’ fibroblasts
(Paimeri et al., 1986; Strisciuglio et af., 1988).

The fate of the intralysosomal va4l2 precursor and its retention in the ER
could be attributed to & common faulty event, the lack of oligomerization. During the
last few years it has become increasingly clear from a variety of systems that not
only a protein's tertiary structure but also oligomeric state determines its intraceliu-
lar transpert, final targeting and stability, These early steps in protein bioéynthesis
often take place and are regulated in the ER (for review see Hurtley and Helenius,
1989). The protective protein precurser by itself appears to exist as an oligomer,
probably a dimer. in this form proteins thought 1¢ be identical or very homologous
1 the protective protein are also found in their mature and active state (Simmons
and Walter, 1980; Jackman et al, 1980). The dimerization process couid piay a
very important role in the correct targeting and stable conformation of the protective
protein, since we find that the monomeric Val*12 mutant is retarded in the ER. It is
unclear at this time whether the rapid degradation of the mutant protein upon pro-
teolytic cleavage is solely due to its monomeric state or also to its inabiiity to stably
assemble into a two-chain polypeptide. The effects of the impaired dimerization of
mutant protective protein resemble fo some extend those caused by a number of
natural mutations identified in the a-subunit of lysosomail B-hexosaminidase
{Neufeld, 1989; Navon and Proia, 1981; Paw et al,, 1891).

it is noteworthy that phenyialanine at position 412 is highly conserved
among protective proteins of different species (Galjart et al., 1991). The mutation
falls in a region of the 20 kDa subunit that is part of an internal repeat occurring
once in each of the twe chains and is characterized by recuming tryptophane
residues that could be engaged in inter/intramolecular bonds. It has been postu-
lated that initial folding of at least cne domain of a subunit is required for correct
oligomeric assembly (Hurtley and Helenius, 1988). The "repeated" motif in the
protective protein chains might expose surface features essential for the recogni-
tion and binding of monomeric molecules with each other. In this context the
Phe412 to Val change could have dramatic structural consequences.
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Finally it is important to keep in mind that the protective protein exerts, at
least in vitro, a cathepsin A-like activity towards a variety of bioactive peptides
(Jackman et al., 1990). This activity is distinct from its protective function toward B-
galactosidase and neuraminidase and is deficient in different galactosialidosis pa-
tients. The consequences of the deficiency of the enzymatic activity on other
metabolic pathways, could be dlarified by the identification of the natural sub-
strate(s) that are the target of this multifuncticnal protein in vivo.

Materials and methods

Cell culture

Human skin fibroblasts from normal individuals and the Canadian late infantile galactosialidosis
patient (Pinsky et al, 1974) were obtained from the European Cell Bank, Rotterdam (Dr. W.J.
Kleijer). Cells from the alian late infantile galactosialidosis patient (Andria et al., 1978) and both
parents were provided by Dr. G. Andria, Dept. of Pediatrics, University of Napels, ltaly. Fibroblasts
were maintained in Dulbecco’s modified Eagle’s medium-Ham's F10 medium (1:1 volivol)
supplemented with antibiotics and 10% fetal bovine serum. COS-1 cells (Gluzman, 1981) were
grown in the same medium, supplemented with 5% fetal bovine serum.

cDNA synthesis and cloning

For the synthesis and amplification of mutant ¢cDNAs four sets of oligonuclectide primers were
synthesized on an Applied Biosystems 381A oligonuclectide synthesizer according to the
sequence of the human ¢DNA, HuS4 {(Galjart et al., 1988). The four sense primers correspond to
nucleotide positions 5-24, 367-383, 701-720, and 1051-1870, respectively; the four antisense to
positions 388-407, 750-731, 1080-1088, and 1450-1489, respectively. Eight bases were added
o the 5' end of each primer to generate EccRl sites and facilitate ligation of amplified DNA into a
plasmid. Total RNA was isolated by the method of Auffray and Rougeon (1380). Four
overlapping cDNA fragments, encompassing the entire coding region, were synthesized by
reverse PCR (Hermans et al, 1988) and amplified on a Perkin-Elmer Cetus thermocycler
programmed for 25 cycles. The fragments were digested with £coRl and subcloned into pTZ18
or pTZ18. Nucleotide sequence analysis on both strands was performed using the dideoxy chain
termination method adapted for double-stranded DNA {Murphy and Kavanagh, 1988).

Analysis of amplified genomic DNA

The 239 bp region of genornic DNA surrounding the mutation was PCR amplified according to
Saiki et al. (1988). The two oligonuclectide primers used in the reaction are derived from intronic.
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sequences surrounding exon XIV (N.J. Galjart and A, d'Azzo, in preparation} in the protective
protein gene that contains the mutation. The sense oligonucleotide primer sequence is
STCTTTCCTGGTGGGGCAGAT 3 (primer 1) and includes 2 bp of the exon; the antisense primer
sequence is: SCCATACAGGGGCCAGATEGT 3 (primer 2) and is about 100 bp downstream of
the exon. For direct DNA sequence analysis an aliquot of the amplified DNA sample was
subjected to asymmetric PCR (Kadowaki et al., 1990), using only primer 1 for another 35 cycles.
The amplified DNAs were sequenced with primer 2. Acyl digestion of PCR amplified genomic
fragments was carried out using standard conditions (Sambrook et af, 1989). The resulting
fragments were analyzed on a 4% NuSieve agarose gel.

Site-Directed Mutsagenesis

in vitro mutagenesis of human protective protein cONA was done as described by Higuchi et af.
{1988), using the whole 1.8 kb protective protein cDNA as a template. After synthesis by PCR of
a full length ¢cDNA containing the T to G transversion, the entire fragment was verified by
sequencing on both strands. The two oligonucleotides used for site directed mutagenesis are
SATTCGCCGGCTTCGETGAAGGAGT (sense) and S'CTCCTTCACGAAGCCGGCAATT (antisense).

Transfection of cDNA inte COS-1 cells

Normai and mutant protective protein cDNAs were subcioned into a derivative of the mammalian
expression vector pCD-X {Okayama and Berg, 1983) as described earlier (Galjart et af, 1988),
Transfection of COS-1 cells, metabolic labeling and preparation of cell extracts and media were
carried out as reported earlier (Proia ef al., 1984; Galjart et al, 1988). Cells were labeled with
[3H]Ieucine (143 Ci/mmol; Amersham Corp.) or with [32P]phosphate (carrier free, Amersham
Comp.), for 12 hr or 7 hr, respectively. Labeled proteins were immunoprecipitated with anti-54 kDa
antibodies that recognize precursor and mature protective protein (Galjart et al, 1991). They
were resolved on 12.5% SDS-polyacrylamide gels under reducing conditions and visualized by
autoradiography ({32P]Iabeled samples) or fluorography ([3H]Iabeled samples). Transfected
COS-1 cells, lysed in double distilled water were assayed for cathepsin A activity using the N-
blocked dipeptide Z-Phe-Ala (Bachem Feinchemikalien AG, Bubendorf, Switzerland), using
protocols adapted from the methods of Tayior and Tappe! {1973} and Roth (1971). Total protein
concentration was measured using the method of Smith et af. (1985).

Immunoelectron microscopy

Transfected COS-1 cells were fixed in 0.1 M phosphate buffer pH 7.3, containing 1% acrolein
and 0.4% glutaraldehyde. Further embedding in gelatin, preparation for ultracryotomy and
methods for immunoelectron microscopy were as reported egrlier (Willemsen of al,, 1986). The
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antibodies against the 32 kDa denatured chain of human protective protein (anti-32 antibodies)
have been described (Galjart et al., 1988).

Gel filtration

Medium samples from transfected cells were collected, concentrated and deszlted as described
(Prota et af., 1984). 50% of this material was diluted in 50 mM 2-[N-morpholino] ethane suifonic
acid (MES) pH 6.95, containing 100 mM NaCl, and applied oen a column (85x1.53 c¢m) of
Sephacryl S-200 HR (Pharmacia) equilibrated in the same buffer. The whoie procedure was
performed at 49C. After gel filtration radiolabeled proteins were immunoprecipitated using anti-54
antibodies and further processed as above. The column was separately run in the same buffer
with the following set of globular protein markers (Pharmacia): ferritin {440 kDa), aldolase (158
kDa), BSA {67 kDa) and ovalbumin (43 kDa).

Limited proteolysis with trypsin

Transfections and metabolic labeling of transfected cells with [3H]leucine was performed as
above, with the exception that fetal hovine serum was omitted from the labeling medium.
Secreted proteins were concentrated 20 fold with (NH4)»50,, in the presence of 1 mg/mi BSA,
and desalted. Aliquots of 90 ul medium concentrate were diluted to 200 pl volume with 20 mM
sodium phosphate pH 6.8. A modified protocol of Frisch and Neufeld (1881) was used for trypsin
digestion. One sample was left on ice, the others were incubated with 1 ug of trypsin (Sigma} at
379C for 0, 2, 5, 10, 30 minutes, respectively. Reactions were stopped by addition of 3 ng
bovine pancreas trypsin inhibitor (Sigma). At t = 0 the inhibitor was added before the trypsin.
Radiolabed proteins were immunoprecipitated and further processed as described previously.
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Normal lymphocyte prometaphase chromosome sprends
were hybridized in sit using single- and double-color fluo-
rescence techniques. The results obtained with either the
1.B-kb protective protein ¢DNA or 2 12-Kb genomie frag-
ment of the human protective protein gene as probe demons
strate that the PPGB gene is localized on the iong arm of
chromosome 20. This assignment was confirmed by kybrid-
ization with whole chromosome DNA libraries. o 100
Agrdemic Preas, Ine,

INTRODUCTION

Human protective protein is the glycoprotein re-
quired for stability and activity of the lysosomal en-
zymes fS-galactosidase (EC 3.2.1.23) and neuramini-
dase (EC 3.2.1.18) {d'Azzo et ¢, 1982; Hoogeveen et
al., 1983; Verheijen et al, 1982, 1985). A primary defi-
ciency of the protective protein (d'Azzo et al, 1382)
causes severely reduced §-galactosidase and neur-
aminidase activities and results in the metabolic stor-
age disorder galactosialidosis (Wenger et al, 1978;
Okada et al, 1978; Andria et el., 1981; Suzuki et al.,
1984}. In human cultured fibroblasts the protective
protein is synthesized as a 54-kDa precursor, which is
post-translationally processed into a mature hetero-
dimer of 32- and 20-kDa polypeptides, held together
by disulfide bridges (4’ Azzo et al,, 1982; Galjart et af,
1988). Cloning of human protective protein ¢cDNA
and analysis of its predicted arino acid sequence
showed that the protective protein is homologous 1o
yeast serine carboxypeptidases (Galjart et al, 1988).
Domains essential for the proteolytic activity of these
enzymes are completely conserved in the human pro-

*To whom correspendence should be addressed at Department
of Cell Biology and Genetics, Erasmus University, P.O. Box 1738,
3000 DR Rotterdam, The Netherlands. Fax: (0)10-4087212
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tein, suggesting that the protective protein also func-
tions as a serine carbexypeptidase.

Two contradictory reports described the localiza-
tion of the gene encoding human protective protein.
Sips et ol (1985) localized it on ¢chromosome 22, using
an antibody preparation that recognized both human
protective protein and B-galactosidase to screen hu-
man/mouse and human/Chinese hamster somatic
cell hybrids. On the other hand, Mueller et al. (1986),
by scoring for the increase in neuraminidase activity
over the mouse background in human/mouse somatic
cell bybrids, localized on chromosome 20 a gene that
is defective in a galactosialidosis patient. They named
it GSL (galactosialidosis}. Here we show by double-
Auorescence ir sitw hybridization thkat the gene en-
coding the protective protein is located on the long
arm of chromosome 20. Qur results are substantiated
by the fact that both the human ¢DNA and a genomic
DNA fragment containing almost the entire gene en-
coding the protective protein hybridize to the same
iocus.

EXPERIMENTAL PROCEDURES

Materials

Reagents and enzymes were obtained from the fol-
lowing companies: RNase A, digoxigenin-11-dUTP,
mouse anti-digoxigenin, and blocking reagent from
Bochringer (Mannheim, Germany); biotin-11-dUTP,
rabbit anti-mouse TRITC, goat anti-rabbii TRITC,
propidium iodide, the antifading reagent 1,4-diazabi-
eyclo-(2,2,2)-octane, and actinomycin D from Sigma
(U.8.AL); avidin-D-FITC and biotinated goat anti-
avidin from Vector Laboratories (U.S.A.); pepsin and
4’ g-diamidino-2-phenylindole (DAPI) from Serva
(Germany).

In Sitw Hybridization
Routine prometaphase spreads obtained from a
primary peripheral blood lymphocyte culture of a
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healthy male were treated with RNase A (100 g/l
2% 83C) for 1 h at 37°C, using 100 ul solution under a
25 X 50-mm? coverslip. The slides were then rinsed
three times for 5 min with 2X SSC and further incu-
bated with pepsin (50 ug/ml 10 mM HCI) fer 10 min
at 37°C. After a rinse in PBS and a 5-min wash in
PBS containing 50 mM MegCl,, postfixation was per-
formed with formaldehyde (1% (v/v)) in PBS con-
taining 50 mM MgCl,. This step was followed by a
PBS rinse and gradual debydration of the slides in
ethanol. The cDNA (1.8 kb) and a fragment of geno-
mic DNA (12 kb) were labeled with biotin-11-dUTP
essentially according to Langer et &l {1981}, The
Bluescript DNA libraries specific for chromosomes
19, 20, 21, and 22 {generous gifts of Dr. J. W. Gray,
Lawrence Livermore Laboratories, U.S.A were la-
beled with digoxigenin-11-dUTP using & similar
nick-translation format.

For single hybridizations with the biotinated
cDNA, the hybridization mixture contained 2 ng of
the probe, 100 ng of sonicated salmon sperm DNA,
and 100 ng of yeast tRNA in 1 pl of 50% formamide,
50 mM phosphate, 10% dextran sulfate, 2X S3C, pH
7.0. The probe mixture (10 xl) was applied to the
slides. covered with a coverslip of 18 X 18 mm?, and
sealed with rubber cement. Probe and ¢hromosomal
DNA were denatured simultanecusly by placing the
slides om a 30°C meral plate in an incubator for 2.5
min. Hybridization was allowed to take place over-
night in a moist chamber,

For double-fluorescence in situ hybridization (e.g.,
the biotinated genomic probe and a digoxiginated-
chromosome library) the labeled probes were mixed
in the hybridization buffer, which contained in addi-
tion a 500-fold excess of senicated unlabeled total hu-
man placental DNA. This probe-competitor mixture
was denatured prior to hybridization for 5 min at
75°C, quickly ¢hilled, and subsequently incubated for
2-4 h at 37°C to compete out repetitive sequences in
any of the probes. Chromosomal DN A was denatured
separately on the slide by immersing it in 70% form-
amide, 10 mM phosphate, 2X SSC at 80°C for 2.5 min.
The slides were then washed twice for 5 min with cold
70% ethanol {—~20°C), dehydrated, and dried at 37°C.
The 37°C hybridization mixture was subsequently
applied under a coverslip, and hybridization was al-
lowed to continue overnight.

After hybridizations, coverslips were removed and
slides were washed three times for 20 min in 50%
formamide, 2X SSC, pH 7.0, at 45°C, followed by
three 5-min washes in 0.1X S8C at 60°C, and Snally
rinded in 4X $8C, 0.05% Tween 20 (v/v) at room tem-
perature (RT).

Immunocytochemical Detection and Banding

The detection of the biotinated cDNA hybridiza-
tion was performed essentially according to the am-
plification methed of Pinkel ef al {19886), using the
high salt washes recommended by Lawrence et al.
(1988). Briefly, slides were preincubated in 4X 88C,
5% nonfat dry milk (NFD) for 20 min at RT. After
incubation: with avidin-D-FITC in 4x S8C/NFD for
20 min at RT, the signals were amplified with biotin-
ated goat anti-avidin-D in 4X SSC, 20 min at RT,
followed by another incubation with avidin-D-FITC.
Three 3-min washes with 4X 88C, 0.05% Tween-20
were performed at RT. Finally, the slides were rinsed
once for 5 min with PBS, dehydrated through an eth-
anol series, and air-dried. The chromosomes were
banded by an incubation with 100 ng DAPI/ml 0.2 M
sodium phosphate/0.1 M citre acid, pH 7.0, for 25
min at RT. After two 2-min washes in H,Q, the slides
were incubated with 0.3 mg actinomycin D/ml 10 mM
sodium phosphate, pH 7.0, I mM EDTA for 18 min at
RT. After two 2-min washes in H,O, the slides were
mounted in an antifade medium containing 9 parts
glycerol, 1 part 1 M Tris- HCI, pH 7.5, 2% 1,4-diaza-
bicyclo(2,2,2)-octane, and 0.02% thiomersal.

Detection of the signals from the simultaneous hy-
bridization with digoxigenated library DNA and bic-
tinated gemomic DINA was performed as follows.
Slides were prelncubated in 43X SS5C/INFD, washed
with 4X S8C, 0.06% Tween-20, and incubated with
avidin-D-FITC in 4X SSC/NFD for 20 min at RT.
They were subsequently washed twice for 5 min. with
4% SSC, 0.05% Tween-20 and once for 5 min with 0.1
M Tris-HCL, (.15 M NaCl, 0.05% Tween 20, pH 7.5
(TNT). Afterward they were incubated with a mix-
ture of biotinated goat anti-avidin-D and mouse
moneclonal anti-digoxigenin, diluted in 0.1 M
Trs-HCL pH 7.5, 0.15 M NaCl, 0.5% blocking re-
agent (TNB), for 30 min at 37°C. After three 5-min
washes with TINT, the slides were treated with a mix-

FIG. 1. Fluorescence insitu hybridization of the 1.8-kb bictinated protective protein cDNA. (A) Fluorescein image showing the specific 2
X 2 hybridization signals (arrows). (B) DAPI/actinomyein image of the microscopic field

FIG.2. Double-flucrescence in site; hybridization with biotinated 12-kb genomic protective protein DNA and digoziginated chromoeseme
19 library DNA. (A) Fluerescein signals resulting from the protective protein-DNA in situ hybridization. (B) Rhodamine signals obtained by
in situ hybridization with chromosome 19 DNA. (C) DAPI/actinomycin counterstaining.

FIG.3. Double-fluerescence in sifi hybridization with biotinated 12-kb genomic protective protein DNA and digoxigenated chromosome
20 library DNA, (A) Fluorescein signals resulting from the protective proteinwDNA in situ hybridization. (B) Rhodamine signals sbtained by
in-situ hybridization with chromosome 20 DNA. (C) DAPI/actinomycin counterstaining.
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ture of avidin-D-FITC and rabbit anti-mouse TRITC
diluted in TINB, for 30 min at 37°C. Firally, after
three 5-min washes with TINT, the slides were incu-
bated for 30 min at 37°C with goat anti-rabbit TRITC
diluted in TNB. They were then washed three times
for 5 min with TNT, dehydrated through an ethanol
series, air-dried, and mounted n antifade medium
containing 150 ng DAPIL/mI, as a DNA counterstain.

Photomicrographs were taken on a Dialux (Leitz)
microscope equipped for epillumination on a 640 asa
color slide film (3M).

RESULTS AND DISCUSSION

The ¢cDNA encoding human protective protein has
been cloned and characterized (Galjart e af., 1988},
Using the ¢DNA as a probe we have analyzed on
Southern blots restricted DNA from a number of hu-
man/mouse and human/Chinese hamster somatic
cell hybrids. The locus for the protective protein, how-
ever, could not be unambiguously assigned, although
in one hybrid cell line, pgMe25Nu (Geurts van Kessel
et al, 1931}, that retained only human chromosome
22, no human-specific hybridization fragments could
be detected (data not shown). Thus the gene encoding
the protective protein could not he on chromosome
22. For a conclusive localization and to confirm either
of the previously published reports, we decided to per-
form in sity hybridization. The entire 1.8-kb protec-
tive protein ¢DNA and a 12-kb genomic DNA frag-
ment (containing all coding exons) were indepen-
dently used as probes.

Figure 1A shows a single hybridization with the
biotinated ¢cDNA. Although chromosome banding
with the counterstaining used is poorly resolved on
the color micrograph (Fig. 1B), under the microscope
the region carrving the In situ hybridization signal
was unambiguously identified as 20q13.1. The fre-
quency of metaphase plates carrying the expected 2
X 2 spots on the chromatids was about 0.1. The same
chromosomal assignment was made with the single
hybridization using the biotinated genomic DNA.
The number of plates with four spots was higher (0.4)
and, as a consequence of the larger target, the hybrid-
ization intensities were stronger (resuits not shown}.
To confirm the eytogenetic assignment, double-fluo-
rescence i situ hybridization (Hopman et al, 1986;
Nederlof et al., 1989, 1990) was performed with chro-
mosome-specific libraries for 19, 20, 21, and 22. Fig-
ures 2 and 3 show the results of such hybridizations
with the protective protein genomic DINA (2A and
3A) and the libraries of chromosome 19 (2B) and 20
(3B). The protective protein specific signals are
clearly on chromosome 20.

Taken together, the results obtained with two dif-
ferent DINA probes and two independent ways of clas-
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sifying chromosomes demonstrate that the PPGB
gene encoding human protective protein is on chro-
mosome 20q13.1. Furthermore, they confirm and ex-
tend the observation of Mueller et af, (1986), indicat-
ing that the PPGE gene is almost certainly the same
as the GSL gene.

ACKNOWLEDGMENTS

We thank Dr. J, W, Weasels, Department of Human Geneticn,
University of Leiden, for his help with the cytogenetic analygis; Dr.
J. W. Gray, Lawrence Livermore Laboratories, California, for the
RBlueseript chromosome libraries; and Miss Jeannetto Lokker for
typing and editing this manuscript.

REFERENCES

ANDRIA, Gu, STRISCIUGLIO. P., PonTareLL G., SLy, W, 8.,
AND Donson, W. E. (1931}, Infantile neuraminidase and 8-
galactosidase deficiencies (galactosinlidosis) with mild ¢lini-
cal courses. Jn "Sialidases and Sialidoses™ (G. Tettamanti, P.
Durand, and S. Dilorate, Eds.), pp. 379-395, Edi. Ermes.
Milano.

D'AZZ0. A., HOOGEVEEN, A, T., REUSER. A. J, J.. ROBINSON,
D., aND GaLaaarp, H. (1982). Molecular defect in combined
B-galuctosidase and nevraminidase deficiency in man. Proc.
Natl Acad. ScL USA 79: 4535-4539.

GALIART, N. ., GILLEMANS, IV, HARRIS. A, VAN DER HORST,
G. T. J.. VERHEWEN, F. W., GALIaanp, H., AnND D'AZZ0, A.
(1988). Expression of eDINA encoding the human “protective
protein” associated with lysosomal S-golactosidase and neur-
aminidase: Homology to yeast proteases. Cell 54: 755-764,
Cpurts Van Kesser, A, H. M., DEN BoEr, W. C., vAN AGTH-
OVEN, A, dJ.. AND HAGEMELIER, A, (1981). Decrensed tumeorige-
nicity of rodent cells after fusion with leukoeytes from normal
and leukemic celis. Somatic Coll Genet, 7z 845-656.
HooGEVEEN, A, T. VERHEWEN, F, W., AND GALTAARD. H.
{1583). The relation between human lvsosomal J-gainctosi-
dase and its protective protein. -/, Biol Chenr. 258: 12143-
12146

Hopman. A. H. N. WIEGANT, J., Raar, A, K., LANDEGENT,
J. E.. vA2 DER PLOES, M., avp vax Duzie, P {1986), Bi-color
detection of two target DNAs by non-radicactive in situ hy-
bridization. Histechemistry 86; 1-4,

Jounsow. G. D, Davoson, R. S.. MceNaMeE, K. C., Rus-
3ELL, G.. Goopwiy, D., AND HOLBORROW, E. L. (1952). Fod-
ing of immuncefuorescence during microscopy: A study of its
phenomenon and its remedy. J, Immunol Methods 557 231-
242,

LANCER, P. R, WALDROP, A. A, aND WaRD, D. A, (1981).
Enzymatic syntheals of biotin labeled polynucleotides: Novel
nucleic acid affinity probes. Proc. Netl Aced. Sei. USA 18:
5633-6637.

LAWRENCE, /. B.. VILLKAVE, C. A., AND SINGER, K. K. (1888).
Sensitive, high reselution chromatin and chromesome map-
ping in situ: Presence and orientation of two cloasly inte-
grated copies of EBV in lymphoid line. Cel 52: 51-61.
MUELLER, O. T., HENRY, W, M.. HALEY, L. L.. BYERs, M. G..
EpDY, R L., AND SHows, T, B, (1986), Sialidosis and galacto-
sialidosis: Chromosomal assignment of two genes asso¢iated

10

-1

10.



1l

12,

13.

14,

15,

EUMAN PROTECTIVE PROTEIN GENE ON CHROMOSOME 20

with neuraminidese-deficiency disorders. Proc. Natl Acad.
Ser, USA 83: 1817-1821.

NEDERLOF, P. M., ROBINSON, I., ABUKNESHA. R., WrzcANT,
., HoPmar, A, H. N., Tanke, H. J., anND Rasr, A. K. (1989).
Three ¢olor fluorescence in situ hybridization for the simulta-
neous detection of multiple nucleic acid sequences. Cytometry
10: 20-27.

NEDERLOF, P. M., VaN DER PLIER, $.. WIEGANT, J.. RaaP,
A, K., Tanxxe, H. J.. PLOEM, J. 5., AND VAN DER PLOEG, M.
{1920). Multiple fuorescence in situ hybridization. Cytome-
try 11: 126-131.

OKaDa, S., Karo, T., Miona, S., YaguucH:, H., NISHIGAK!,
M., KoBATA, A,, Crrv0, H., AND FURUYAMA, J. (1978). Hy-
persialyloligosacchariduria in mucolipidoses: A method for
diagnosis. Clin, Chim. Acta 86: 153167,

PrviEL, D., STRAUME, D., AND Gray, J. W. (1986). Cytoge-
netic anolysis using quantitive, high sensitivity fluorescence
hybridization. Proc. Natl Acad. Sci. [/SA 83: 29342938,
Sres, H. J., b8 WrIT-VERBEEK, H. A., DE WrT, J., WESTER-
VELD, A., AND GALJAARD, H. (1885). The ¢hromosomal local-

187

16.

18.

18.

349

ization of human g-galactosidase revisited: A locus for g-ga-
lactosidase on human chromoseme 3 and for its protective
protein on human chromesome 22, Hum. Genet. 69: 340-344.
SUzUKL, Y., BaxumaBa. H., Yamanaxa, T., Ko, Y. M., L1-
MORL, Y., OKAMURA, Y., AND HOOGEVEEN, A. T. (1984). Ga-
lactosialidosis: A comparative study of clinical and biochemi-
cal data on 22 patients. Jn “The Developing Brain and its
Disorders™ (M. Arina, Y. Suzuki, and H. Yabuuchi, Eds.), pp.
161-175, Univ. of Tokyo Press, Tokyo.

VERHELIEN, F. W, BROSSMER, K., AND GALIaARD, H. (1982).
Purification of acid g-galactosidase and acid nowraminidase
from bovine testis: Evidence for an enzyme complex. Bio-
chem, Biophys. Res. Commurn. 108: 868875,

VERHELEN, F. W., Parvert, 8., Hooceveew, A, T., AND
Garsaarp, H. (1985), Human placental neuraminidase: Acti-
vation, stabilization and association with S-galactosidase and
its protective protein. Eur. . Biochem. 149: 315-321.
WENGER, D. A., Tarny, T. J., AND WHARTON, C. (1978). Mac-
ular cherry-red spots and myoclonus with dementia: Coexis-
tent neuramirudase and @-galactosidase deficiencies. Bio-
chem. Biophys. Res. Commun. 82: 589-595,






2.3 1 Discussion

The results presented in publications 1-7 demonstrate that human protective pro-
tein, encoded by a gene on chremosome 20, is synthesized as a precursor of 54
kDa, that is phosphorylated on a singie Asn-linked oligosaccharide chain which
allows its transport to lysosomes via the MPR targeting system. Probably in an en-
dosomal/lysosomal compariment the precursor is proteclytically modified into a
two-chain form consisting of disulfide-linked 32 and 20 kDa polypeptides. The 32
kDa compenent is subsequently further trimmed at its C-terminus. A schematic
representation of these events is given in Figure 3.

Characterisation of the primary structure of the protective protein revealed
that it maintains another function, namely as a serine carboxypeptidase, distinct
from its protective role towards B-galactosidase and neuraminidase. The catalytic
activity is unieashed oniy after conversion of the 54 kDa zymogen to the two-chain
form. It still needs t¢ be determined whether the precursor already has protective
function or not.

Serine carboxypeptidases are a family of singie and two-chain enzymes that
are present in many different species, ranging from yeast to fungi, plants and man
{for review see Breddam, 1986). Most of them are aspecific peptidases, invoived in
generai protein turnover, but the KEX1 gene product of yveast has carboxypepti-
dase-B-like activity and patticipates in hormone processing (Dmochowska ef al,
1987). Comparison of the structure of the protective protein with that of other serine
carhoxypeptidases allows several speculations {0 be made. First, some of the plant
peptidases have been purified in an active two-chain form from which the amino
acid sequences of the subunits were chemically determined (for a compendium of
these sequences see Sorensen et al, 1889). In the case of barley carboxypepti-
dase |, these sequences were compared with the ong of the precursor polypeptide
that was deduced from the isolated cDNA. It was shown that the two subunits origi-
nate from a single chain precursor polypeptide that in addition contains 2 stretch of
amino acids separating the two chains {Doan and Fincher, 1288). This highly re-
sembles the biosynthesis and processing of the protective protein and provides a
verified example in a homologous carboxypeptidase of C- (or N-} termina!l trimming
after the initial endoproteolytic processing step. The analogy in maturation events
might indicate a similar function for the intermediate stretches of amine acids in the
plant carboxypeptlidase and protective protein precursors, namely to keep these
forms in an inactive state. In Zn2+ carboxypeptidase B, such an “inactivation” func-
tion resides within its propeptide segment, which simply obstructs the access of a
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Figure 3. Bicsynthesis and processing of the protective protein.

Three proteolytic processing steps are thought to occur during the life
cycle of the protective protein, 1) signal sequence cleavage, 2) the first
endosomal/lyscsomal endoprotease cleavage and 3) C-terminal trimming
of the 32 kDa polypeptide. Ofigosaccharide side chains on the two
subunits can be distinguished because the one on the 32 kDa
polypeptide carries the MEP-recognition marker. In keeping with the
predictions made in the text, the intermediate stretch of amino acids
between 32 and 20 kDa chains is placed in front of the sering active site
residue in the precursor molecule. Disulfide bridges connect the two
chains. Of the nine cysteines in human protective protein cys375 is
shown, since it might be in the catalytic site (see text).
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substrate 1o the preformed active site {Coll et al, 1991). Limited proteolysis of pro-
carboxypeptidase B with trypsin removes this inactivating segment and exposes
the active site. It will be of interest to determine whether & similar activation
mechanism exists for the two-chain serine carboxypeptidases.

Secend, it is noteworthy that the two-chain plant serine carboxypeptidases,
that bear such striking structural resemblance to the protective protein, alse form
dimers but not multimers (Breddam, 1€88). Remarkably, and perhaps related to
this is the fact that no neuraminidases exist in the plant kingdom. Maybe this
implies that during evolution the protective protein acquired its catalytic activity first
and its protective function later.

A third speculation that can be made is that Cys at amino acid position 375
in the active human protective protein is near the substrate binding site within the
catalytic center, since this was shown to be the case for the homologous residue of
yeast carboxypeptidase Y (Breddam and Svendsen, 1984; Winther and Breddam,
1987). Catalytic activity should then be modulated by reagents that interact with
suifhydryl groups, a prediction that is indeed corroborated in several repors
{Jackman ef af, 1990; Kawamura et &/, 1874; 1975; Tranchemontagne et &/, 1990).
What remains are an even number of cysteines (8) in the human protective protein,
that, as is the case for Cys379, are conserved in the mouse and chicken homo-
logues and that potentially could form intramolecutar disulfide bridges. In addition,
mouse and chicken protective proteins contain 2 exira cysteines, oneé on each sub-
unit of their respective two-chain forms, but at different positions.

The protective protein is most likely identical to a carboxypepti-
dase/deamidase, secreted by human plateiets upon thrombin stimulation (Jackman
et al, 1980). In vitro this enzyme cleaves a number of important bioactive peptides
among which are substance P, oxytocin and angiotensin |. its deamidase activity is
optimal at neutral pH, whereas its carboxypeptidase activity has an optimal pH of
5.0, with the artificial substrate furylacryloyl-Phe-Phe. The resemblance between
the protective protein and the carboxypeptidase/deamidase is strengthened by the
fact that both proteing maintain cathepsin A-like activity. Cathepsin A has been pu-
rified from many tissues and species, it is a carboxypeptidase which cleaves N-
blocked dipeptides optimally at pH 5.5 and has a preference for hydrophobic
residues in the (penjultimate position of the substrate protein. Other residues, but
not lysine or arginine, may also be released (reviewed by McDenaid and Barrett,
1986). Cathepsin A was shown to have deamidase activity as well {(Matsuda,
1978). Because of its broad substrate specificity cathepsin A is thought to be in-
volved in lysosomal protein turnover. If the protective protein and cathepsin A turn
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out to be identical this hypothesis can be directly tested, by comparing celluiar
protein degradation in galactosialidosis and normal fibrablasts. Some authors have
postulated a physiological role for cathepsin A in the conversion of angiotensin | to
angiotensin {i (Miller ef a/, 1888; 1991). Together, the data suggest that the role of
the protective protein/cathepsin A might include protein turnover as well as the
{inJactivation of bioactive peptides and might be extended 1o an extralysosomal
compartment. This could imply that some tissues have a differential need for the
protective protein. Consistent with this is the observation that murine protective
protein mRNA is differentially expressed in various mouse tissues (publication 2)
and that its expression pattern differs from that of B-galactosidase mRNA (Morreau
et al, 1991). A function of the protective protein outside the complex explains the
previously unaddressed observation that in extracts of normal human fibroblasts
the majority of the protective protein is not present in the high molecular weight
complex together with B-gaiactosidase, but is instead immunoprecipitated from a
“menomeric” peak (Hoogeveen et al, 1983).

Our results in publications 5 and 6 demonstrate that dimerization of the pro-
tective protein/cathepsin A occurs at precursor level and neutral pH, suggesting
that it takes place in an early biosynthetic compartment. Dimerization could be a
requirement for timely exit of the precursor out of the ER. This hypothesis is sup-
ported by the observation that & natural mutant of the protective protein fails to form
dimers and is largely retained in the ER (publication 6). We have evidence that
protective protein and B-galactosidase precursors associate at an early stage of
biosynthesis, indicating that their assembly is not restricted to the lysosomal envi-
ronment (H. Morreau and A. d’Azzo, manuscript in preparation), The advantage of
this event in normal cells could be to create pools of free and assembled molecules
that are commiited to different functions already at an early stage and could poten-
tially be targeted differentially according 1o the respective functions. It needs to be
further investigated io what exient and in which stoichiometry association occurs in
normal cells and tissues and whether this influences the dimerization of the protec-
tive protein precursor. It should be mentioned that in galactosialidosis fibroblasts,
which are completely devoid of the protective protein, 3-galactosidase can reach
the lysosomes. lts proteciyiic processing in these cells is, however, clearly delayed
compared to normal fibroblasts (d'Azzo et af, 1982).

The finding that some in vitro mutagenized protective proteins, retained in
the ER, prevent lysosomal targeting of B-galactosidase {H. Morreau and A. d’'Azzo,
manuscript in preparation} has important consequences for the interpretation of the
molecular events in galactosialidesis and perhaps even Gpi-gangliosidosis.
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Natural mutants of the protective protein may exist that retain a large part of the 8-
galactosidase precurser pool in the ER, thereby causing an additional negative ef-
fect on its lysosomal activity. ©ne could consider this kind of mutant protective pro-
teins to¢ have a “dominant” effect. The mutated form of the protective protein, pre-
sent in the late infantile galactosialidosis patient described in publication 8, would
have a “recessive” character instead. In the latter case the mutant protective protein
could actually be rescued from premature ER degradation because its association
to B-galactosidase precursors would ensure its exit out of this compartment. An in-
verse situation, that could alss be envisaged, is that there are “dominant” mutations
in the B-galactosidase protein that influence the protective protein. Remarkably, the
proteolytic processing of the latter indeed seems altered in two celi lines derived
from pateints with the infantile and adult forms of Gn1-gangliosidosis, respectively
(Hoogeveen et af, 1984). These fibroblasts need to be reexamined with the
monospecific antibodies against the protective protein that are now available.

Lysosomes have a pivotal function in the intracellular degradation of a multi-
tude of macromolecules. They are the “dead end” route in a largely interconnected
vesicular system that has its beginning in the ER. In spite of their well established
digestive role the supramolecular structure of proteins within lysosomes is stiil un-
known. Therefore, predictions of how intralysosomal degradation could be carried
out in the most effective way are speculative. Several reasons given in the intro-
duction explain why a stepwise macromolecular degradation is speeded up if the
enzymes that act sequentially on a given substrate were to form complexes. In
addition, in lysosomes complex formation could prevent the rapid degradation of
the true lysosomal constituents by other hydrolases. On the other hand, there are
many different types of substrates. If each would demand complexed enzymes for
its quick degradation this wouid require as many complexes as there are sub-
strates. Therefore, it may be that most lysosomal enzymes are only temporarily and
loosely associated within complexes and that these vary constantly in enzymic
composition, depending on incoming substrate.

A hypothetical mode! incorporating these considerations as well as datz on
the structure of the protective protein/cathepsin A is presented in Figure 4. In lyso-
somes {and perhaps other organelies) an equiiibrium could exist between multi-
meric (matrix) and dimeric {free) protective proteins. In the absence of B-galactosi-
dase and neuraminidase, this balance could be dependent on the protective pro-
tein conceniration, its conformation (precursor or mature) and cother physiological
parameters, such as pH, ion concentration and incoming substrate. In COS-1 cells,
transiently transfected with the protective protein ¢DNA, overexpression of the pro-
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fein could lead to premature muitimerisation in an early biosynthetic compartment.
Preexisting intralysosomal matrices of the protective protein specifically attract B-
galactosidase and/or neuraminidase molecules and when both enzymes are as-
sociated the compiex is most stable. By maintaining, in most cells and tissues, a
surplus amount of lysosomal protective protein with respect to B-galactosidase and
neuraminidase the existence of “empty” matrices that can easily be converted into
dimeric cathepsin A is ensured. The funciion of the free pool of protective pro-
tein/cathepsin A in lysosomes would be the degradation of proteins and/or bicac-
tive peptides (the extensively purified toad skin enzyme and the human deamidase
are found sciely as homodimers of 94-100 kDa (Jackman et af, 1990; Simmons ef
al, 1980)). it remains to be determined whether the complexed pool participates in
the digestion of macromelecules. If so, the target substrates for the peptidase and
the two glycosidases should be rather small because of the steric hindrance within
the complex.

The model implies that the signals for matrix formation are embedded within
the structure of the protective protein only. Because of this, in Ga{-gangliosidosis
fibroblasts neither lysosomal neuraminidase nor cathepsin A activities are severely
affected. Instead, in galactosialidosis the lack of a preexisting matiix would cause
the impaired combined glycosidase deficiency. Since mouse and chicken protec-
five proteins have maintained the capacity to form matrices n lysosomes, it is logi-
cal that they are able to complement a deficiency of human protective protein in
gaiactosialidosis cells. Nevertheless, multimers formed by these heterologous
proteins might have a reduced affinity for human neuraminidase.

The modei is in keeping with the idea that there may be more than one type
of complex in lysosomes. This would expiain why in glycoprotein preparations from
human placenta B-galactosidase activity is detected in two multimeric peaks, one
with and one without neuraminidase {Verheijen et af, 1985). It is not excluded that
other lysosomal enzymes temporarily associate to the matrix, perhaps in varying
ameunt, composition and in & loose conformation. Evidence in support of a multi-
component matrix is the recent finding that complexes purified through B-galactosi-
dase affinity chromatography also contain small amounts of lysosomal «-N-acetyl-
galactosaminidase (Tsujl et al, 1889). It should be mentioned, however, that this
enzyme is net deficient in galactosialidosis {van Diggelen ef al, 1988). Another in-
dication for a multicomponent complex comes from the fact that cathepsin A has
been copurified with prolylcarboxypeptidase, although rigorous further isolation
methods separated the two enzyme activities (Odya st al, 1978).
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All the steps depicted In Figure 4, some of which speculative, ¢an and will be
tested in the near future. However, a thorough understanding of the determinants
on the protective protein that are responsible for its different conformations awaits
the resolution of its three-dimensional structure by means of crystallographic
analyses. Concomitantly with these studies, homologous recombination in embry-
onic stem cells (Thomas and Capecchi, 1987) in combination with the “hit and run”
procedure (Hasty et al, 1991) will create animals with targeted protective pro-
tein/cathepsin A mutations, that will allow a better understanding of the molecular
mechanisms undetlying galactosialidosis and might aiso be of help in the identifi-
cation of the natural substrates of the prolective protein. Until these investigations
have been concluded the name given fo the protective protein/cathepsin
Al/deamidase can be chosen rather freely and will presumably be based on one’s
historic ties with this fascinating multifunctional protein.
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neuraminidase

protective protein/cathepsin A p-galactosidase

dimer

matrix/multimer

complexes T

Figure 4. Putative quaternary structures of the protective protein.
It has been determined that the protective protgin can form homodirners at precusor
level, presumably within the ER. The model indicates that these homodimers may
form matrices of lysosomal protective protein, to which subsequently other lysosomal
enzymes could bind. No proteolytic processing steps are indicated in this figure. The
quaternary structures of lysosomal B-galactosidase and neuraminidase and of the
muitimeric/complex forms depicted here are hypothetical.
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SUMMARY

Lysosomes are a class of heterogeneous acidic vesicles, surrounded by a single
membrane, that play a key role in the degradation of a variety of macromolecules.
Intralysosomal breakdown of substrates is carried out by a large number of hydro-
lases that work best at acid pH. Some of these enzymes require additional cofac-
fors for full catalytic activity. Many of the hydrolases act in concert on a substrate,
indicating the need for their organization into a higher order structure in order to
speed up degradation. [f, due to a mutation, a lysosomal protein is deficient a halt
in the chain of catalytic events on a substrate cccurs, resulting in its accumulation
in the lysosome with consequent dysfunction of this organelle. In turn, this leads to
the appearance of a lysosomal storage disorder.

Due to the vesicular structure of the lysosome both the macromolecular
substrates as well as the lysesomal enzymes have to be transported to this com-
partment before degradation can occur. Several pathways that deliver lysosomal
proteins 1o their destination have been described, the best characterized of which
is the M6P targeting system that makes use of two related receptors recognizing
scluble lysosomal proteins. In turn, the latter must contain determinants within their
tertiary structure that allows their segregation from other non-lysosomal proteins.
Lysosomes, their biogenesis and role in intracellular degradation, their constituents
and the targeting of these proteins, are the subject of chapter 1.

In chapter 2 the experimental work is discussed, starting with an introduction
(section 2.1) on the subject of this thesis: the protective protein. It is a lysosomal
glycoprotein that was discovered through its deficiency in the metabolic storage
disorder galactosialidosis. This rare autosomal disease is characterized by the
severely reduced activities of the lysosomal enzymes B-galiactosidase and
neuraminidase. Galactosialidosis patients are heterogeneous with respect to their
clinical manifestations, ranging in phenotype from a very severe early infantile
form, that is fatal within childhood, to milder late infantile and juvenile/adult types. A
high molecular weight complex in which B-galactosidase, neuraminidase and the
protective protein are present, can be isoiated from various tissues and species,
but is absent in fibroblasts of galactesialidosis patients. Since in the latter cell type
B-galactosidase is normally synthesized but rapidly degraded upcn arrival in lyso-
somes it was postulated that in normal cells a high molecular weight compiex of
these three glycoproteins exists, which renders the two glycosidases active and
stable within the acidic environment of the lysosome.
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Biosynthetic labeling and immunoprecipitation studies in normal fibroblasts
revealed that the protective protein is synthesized as a precursor of 54 kDa, that is
proteclytically medified to a 32 kDa mature form. The cloning ¢of the cDNA encoding
human protective protein, described in publication 1 (section 2.2), tought us that the
54 kDa precursor polypeptide is actually processed into a two-chain form of 32 and
20 kDa subunits that are heid together by disulfide bridges. Most strikingly, how-
ever, was the observation that the primary structure of the protective protein is ho-
mologous to those of yeast and plant serine carboxypeptidases. The catalytic triad
Ser-His-Asp, responsible for the activation of the setine residue in these exopepti-
dases, is conservad in the protective protein and each amingo acid is embedded in
domains of high similarity to the other carboxypeptidases. Human and mouse pro-
tective proteins bind the serine protease inhibitor DFP, but only in their mature two-
chain state, demonstrating that the 54 kDa precursor is a true zymogen {publication
3). Further studies, described in publication 4, provide direct evidence that the
protective protein has carboxypeptidase activity and indicate that it might be identi-
cal to a previcusly partially characterized protease, cathepsin A. Using in vitro ma-
nipulated active site mutants of human pretective protein we could demonstrate
that in spite of their loss of catalytic activity these mutants retain their proteciive
function towards B-galactosidase and neuraminidase. Thus, protective function and
catalytic activity are distinct.

Analysis of the structure of the protective protein and of residues and do-
mains that govern its correct folding as well as intracellular transport and
processing is included in publication 5. I is demonstrated that human protective
protein spontaneously forms homodimers already at precurser level and neutral
pH. Furthermore, of the two cligosaccharide chains present on the human protein
the one on the 32 kDa subunit acquires the MEP recognition marker, whereas the
one on the 20 kDa subunit appears to be essential for the siability of the mature
two-chain protein.

The gene encoding human protective protein is localized on chromosome
20 (pubiication 7). A natural mutation in this gene is found in two unreiated patients
with the late infantile form of galactosialidosis (publication 6). Gelfiliration studies
demonstrate that the mutant protective protein precursaor, containing a Phe to Val
amino acid substitution at position 412, cannot form homodimers. Moreover, the
latter precursor is partially reiained in the endopiasmic reticulum and those
molecules that do reach the lysosomes are quickly degraded once they are
cleaved into the 32/20 kDa mature form. We speculate therefore that dimerization
of the protective protein might be an important event for its proper targeting and
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stable conformation. Also, the presence of a residual lvsosomal amount of protec-
tive protein in tissues of the two patients might account for their relatively mild clini-
cal manifestations.

Qur current model, which is described in section 2.3, is that the protective
protein/cathepsin A, a pleiotropic member of the serine carboxypeptidase family,
can either be assembled in complexes with B-galactosidase and/or neuraminidase,
yet it might alse function on its own. This equilibrium is dependent on as vet unde-
fined factors but complex formation would be initiated by the protective protein.
Once in compiex its carboxypeptidase activity might be modulated by the other two
enzymes. A recent report by the group of Dr. Erdds at the University of Chicage,
extends the rele of the protective protein even further. in an effort to purify a deami-
dase/carboxypeptidase released by human platelets this group came to the unex-
pected finding that their enzyme is identical at its N-termini to the protective protein
32/20 kDa chaing. The deamidase/carboxypeptidase activity could be responsible
for the local (in)activation of bicactive peptides.

The experiments described in this thesis have delineated a novel function
for the protective protein, namely as a serine carboxypeptidase. They have also
enlarged our knowledge on the biosynthesis, transpert and proteolytic processing
and on the structure of this protein, both in normal as well as in mutated state. In
order to assess properly the different roles of this multifunctional lysosomal enzyme
it is of importance 1o gain betier insight into the mechanisms that control complex
formation and the site{s) and mode(s)of association of the various components of
the complex(es). In this respect the cloning of the ¢cDNA encoding human B-galac-
tosidase (publication 2} has allowed a mere detailed study on its association with
the protective protein, which apparently can already occur in an early biosynthetic
compartment. Also, transgenic animals having targeted mutations in the protective
protein gene will provide very useful model systems in which to study the contribu-
tion of the different activities to the aforementioned metabglic pathways.
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SAMENVATTING

Lysosomen, een heterogene verzameling van zure vesikels omgeven deor een
enkel membraan, spelen een sleutelrol in de afbraak van een verscheidenheid
aan macromoleculen. Intralysosomale degradatie wordt uitgeveerd door groot
aantal hydrolasen met een zuur pH optimum. Sommige hebben niet enzymatische
cofactoren nodig voor hun katalytische activiteit. Vaak breken lysosomale enzymen
gen substraat in een strikte volgorde af. Een versnelde afbrazk van substraten
wordt mogelijk gemaazakt door een verzameling, bijvoorbeeld in een complex, van
enzymen die na elkaar werken . Als door een mutatie een lysosomaal eiwit defect
is stokt de afbraak van bepaalde substraten, hetgeen stapeling van deels gede-
gradeerde macromoleculen in lysosomen tot gevolg heeft. Uiteindelijk kunnen
deze hierdoor niet meer naar behoren functioneren en ontwikkelt zich een lysoso-
mezle stapelingsziekte.

Vanwege de lysosomale structuur moeten zowel substraten als lysosomale
enzymen via specifieke transport routes naar het lysosoom geleid worden. Een
aantal van deze routes zijn recentelijk beschreven, de bekendste maaki gebruik
van twee onderling verwante receptor eiwitten, die oplosbare lysosomale eiwitten
herkennen en vervoeren. Op hun beurt bevatten lysosomale eiwitten specifieke
signalen waardocr ze conderscheiden worden van de talloze andere eiwitten die
niet bestemd zijn voor het lysoscom. Hoofdstuk 1 beschrijft lysosomen, hun
ontstaan en hun rol in intracelluiaire afbraak. Bovendien geeft het een overzicht
van lysoscmale eiwitten alsmede de manier waarop deze naar lysosomen
vervoerd worden.

In hoofdstuk 2 wordt het experimentele werk besproken, beginnend met gen
inleiding over het ‘protective protein’, het onderwerp van dit proefschrift. Dit is een
lysosomaal glycoproteine dat is ontdekt doordat het defect is in de lysosomale
stapelingsziekie galactosialidosis. Deze zeldzame aangeboren afwijking wordt
gekenmerkt door een gereduceerde activiteit van de [ysosomale enzymen B-
galactosidase en neuraminidase. Galactosialidosis patienten worden Klinisch
ingedeeld in drie typen, al naar gelang de leeftijd waarop de ziekte zich openbaart
en de hevigheid van de symptomen. De ernstigste of ‘vroeg-infantiele’ vorm van de
ziekte leidt tot de dood kort na de geboorie, de andere twee vormen (de ‘laat-in-
fantiele’ en ‘juveniele/adulte’ typen) zijn wat milder van aard.

Uit normale cellen en weefsels van verschillende organismen kan een
complex geisoleerd worden waarin zich B-galactosidase, neuraminidase en het
‘protective protein’ bevinden. Dit complex is afwezig in gekweekte fibroblasten van
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galaciosialidosis patienten. Bovendien wordt B-galactosidase in deze cellen wel
normaal aangemaakt, maar eenmaal in het lysosoom wordt dit enzym versneld
afgebroken. Deze waarnemingen leidden tot de hypothese dat normaliter in lyso-
somen egen hoog moleculair complex van de drie voorncemde glycoproteinen
aanwezig is dat ervoor zorgdraagt dat B-galactosidase en neuraminidase actief en
stabiel zijn in hun zure omgeving temidden van de andere hydrolasen.

Proeven waarbij radioactief aangemaakt ‘protective protein’ in normale fi-
broblasten werd geimmunoprecipiteerd toonden aan dat het eiwit gesynthetiseerd
wordt als een 54 kDa precursor vorm, die protechvisch geklieft wordt tot een 32
kDa matuur eiwit. Klonering van het cDNA dat codeert voor het humane ‘protective
protein’ (zie publicatie 1 in sectie 2.2) leerde ons dat de 54 kDa precursor feitelijk
in twee ketens gesplitst wordt, van 32 en 20 kDg, die verbonden zijn door zwavel
bruggen. Het meest verrassend was echier de ontdekking dat de aminozuur
voigorde van het ‘protective protein’, voorspeld op basis van het gekloneerde
¢DNA, homoloog is aan die van gist en plante serine carboxypeptidasen. Drie
specifieke aminozuren, Ser-His-Asp, die in al deze excpeptidasen verant-
woordelijk zijn voor de activering van het serine residue in het katalytische cen-
trum, zijn bewaard gebleven in het ‘protective protein’. Bovendien liggen ze ver-
ankerd in van elkaar gescheiden domeinen in het eiwit, die qua aminczuur volgor-
de sterk lijken op oversenkcmstige domeinen in de andere carboxypeptidasen.
Het humane ‘protective protein” is nauw verwant aan het overeenkomstige muize
eiwit {publicatie3). Beide giycoproteinen binden DFP, een specifieke remmer van
serine proteasen, maar doen dit slechts in hun mature 32/20 kDa vorm. Dit wijst
erop dat het 54 kDa polypeptide de zymogeen vorm van het ‘protective protein’ is
(publicatie 3). Verdere experimenten, beschreven in publicatie 4, bewijzen direct
dat het ‘protective protein’ serine carboxypeptidase activiteit heeft en duiden erop
dat dit eiwit weleens identiek zou kunnen zijn aan lysosomaal cathepsine A, een
enzym dat vroeger gedeeltelifk gekarakieriseerd is. /n vitro gemaakie mutante
‘protective proteins’, die geen katalytische activiteit hebben, zijn nog steeds in staat
ot bescherming van B-galactosidase en neuraminidase. Dit toont aan dat kataiyti-
sche activiteil en de beschermende rol twee apante functies zijn, verenigd in één
eiwit (publicatie 4).

in publicatie 5 wordt de structuur van het ‘protective protein® verder ontleed
en worden signalen/domeinen op het eiwit gelokaliseerd die mede verant-
woordelilk zijn voor goede esiwit vouwing, {ransport naar het lysosoom en prote-
olytische modificatie. We tonen aan dat het ‘protective protein’ reeds als precursor
en bij neutrale pH spontaan homodimeren vormt. Van de twee suikerketens aan-
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wezig op het precursor eiwit wordt de groep op het 32 kDa polypeptide gefos-
foryleerd, een modificatie die dient voor transport van het eiwit naar het lysosoom.
De aanwezigheid van de suikerketen op de 20 kDa subeenheid is hoogstwaar-
schijnlijk belangrijk voor de stabiliteit van het mature ‘protective protein’.

Het gen coderend voor het humane ‘protective protein’ is gelokaliseerd op
chromosoom 20 (publicatie 7). Een mutatie in dit gen is gevonden in twee niet ver-
wante galactosialidosis patienten, die beide lijden aan de milde, ‘laat-infantiele’
vorm van de ziekte (publicatie €). De experimenten laten zien dat het gemuteerde
‘protective protein’ een aminozuur substitutie heeft cndergaan, waarbij op positie
412 in het eiwit de normale phenylalanine vervangen is door valine. Hierdoor kan
het gemuteerde eiwit, in tegenstelling tot de normale precursor, geen homo-
dimeren meer vormen. Bovendien wordt de gemuteerds precursor gedeeltelijk
vastgehouden in het endoplasmatisch reticulum. Dié precursor moleculen die dit
compartiment verlaten kunnen het lysosoom bereiken, masr eenmaal daar
aangekomen en gesplitst in de 32/20 kDa mature vorm wordt het gemuteerde eiwit
versneld afgebroken. Dit doet ons veronderstellen dat de vorming van dimeren
door het ‘protective protein’ belangrijk is voor een stabisie conformatie, alsmede
voor een correct en efficient transport van dit eiwit naar het lysogoom. De aan-
wezigheid van een sierk verlaagde hoeveelheid ‘protective protein’ in lysosomen
van de twee hier beschreven patienten zou een verklaring kunnen geven voor de
relatief milde vorm van galactosialidosis die bij hen gevonden wordt.

In sectie 2.3 wordt een nieuw model gepresenteerd, gebaseerd op de
recentelijk verworven kennis van het ‘protective protein’, of cathepsine A. Het stelt
voor dat dit eiwit alleen kan functioneren, als dimeer, maar dat het ook in eiwitcom-
plexen met de enzymen P-galactosidase en/of neuraminidase kan voorkomen. Dit
evenwicht is afhankelijk van tot nu toe onbekende factoren, maar de vorming van
complexen wordt door het ‘protective protein’ geinitieerd. De carboxypeptidase ac-
tiviteit van het eiwit zou, eenmaal in een complex, gereguleerd kunnen worden
door de andere twee enzymen. Kort geleden heeft de groep van Dr. Erdds van de
universiteit van Chicago een artikel gepubliceerd, dat een extra rol van het
‘protective protein’ suggereert. Deze auteurs vonden dat een deami-
dase/carboxypeptidase, dat zi] gezuiverd hadden uit bloedpiaatjes, dezelfde
aminoterminale aminozuur volgorde had als de 32 en 20 kDa ketens van het
‘protective protein’. De deamidase/carboxypeptidase activiteit zou verantwoordelijk
kunnen zijn voor de plaatselike (in)activering van biocactieve peptiden.

De experimenten beschreven in dit proefschrift hebben een nieuwe functie
toegevoegd aan het ‘protective protein’, namelijk die van serine carboxypepiidase.
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Qok hebben zij bijgedragen tot een beter inzicht in de bicsynthese, transport en
proteciytische modificatie en structuur van dit eiwit, zowel in normale als in gemu-
teerde vorm. Om de verschillende rollen van het ‘protective protein’ goed te kun-
nen beoordelen is het nodig dat precies uitgezocht wordt welke mechanismen en
factoren van invloed zijn op complex vorming en hce en op welke intracellulaire
plaats{en) de verschillende componenten van de complexen met elkaar kunnen
associéren. De kionering van het cBNA coderend voor humaan B-galactosidase
(publicatie 2) heeft er toe geleid dat we konden vaststellen dat dit enzym ai in een
vroeg stadium en op precursor niveau kan associéren met het ‘protective protein’.
Transgene dieren met gerichte mutaties in het gen coderend voor het ‘protective
protein’ zullen ook zeer waardevol blijken te ziin in het definiéren van de verschil-
lende activiteiten van dit muitifunctionele lysosomale enzym.
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NAWOORD

Docr de jaren heen ben ik, hier in Rotterdam, door een aantal mensen in meer of
mindere mate geholpen met mijn onderzeek. Mijn inmiddels in kleine kring be-
faamde zeef-geheugen zal ertoe bijdragen dat ik scmmigen van hen vergeet te
noemen, dus bii deze een dankwoord aan een ieder die heeft bijgedragen aan het
tot stand komen van dit proefschrift.

Mijn promotor, professor Galjaard, ben ik zeer erkentelijk voor zijn in mij
gestelde vertrouwen en de door hem geboden mogelijkheden dit cnderzoek te
kunnen veltooien. Ocok de andere leden van de promotiecommissie, de profes-
soren Bootsma, Borst en Hasilik dank ik voor het kritisch lezen van dit manuscript
en hun goede suggesties cg. kKanttekeningen.

Mijn co-promotor, Dr. Alessandra d'Azzo, kan K nauwelijks genoeg be-
danken. Sandra, ik weet dat je niet zoveel om voetbal geeft, maar toch vind ik je de
Johan Cruijff van de wetenschappelijke begeieiders | Bedankt voor je nooit afla-
tende inzet, je inzicht en je vriendschap. 1k heb ondanks mijn koppigheid op alle
viakken van je geleerd en daardoor extra van deze jaren genoten. Nynke Gille-
mans, met jou en Sandra heb ik het langst samengewerkt. Volgens mij ben je enig
in je soort, goed in wat je doet, fanatiek en onzelfzuchtig, wat een contrast met mijj
zou je bijna zeggen. Bedankt dat je mijn paranimf wilt zijn. Hans Morreau, die laat-
ste opmerking geldt ook voor jou. Nu weet ik bovendien waar heceven zich bevin-
den, wat knorrecte sokken zijn en hoe in units te meten. Dat is toch de essentie van
het leven. Erik Bonten, bedankt voor de les, behalve in propjes gooien en Xiao Yan
Zhou, you too, sje sje very much. Aarnoud van der Spoel, Robbert Rottier, Amelia
Morrone en Amo van 't Hoog, helaas was er slechts een kortte tijd om met jullie
samen te werken, maar het was er niet minder prettig om.

En de anderen 7 Gerard Grosveld, mochten de goden huur betalen om in
het linkerbeen van Brian Roy fe kunnen wonen, dan hebben ze het optrekje in
Jouw hoofd (en handen) nog niet bezichtigd ! Mijnheer “de Generaal”, bedankt voor
je advies, steun en goede gesprekken. Van Gerard’s groep ben ik Dies Meijer en
Marieke von Lindern erkentelijk voor hun hulp, met name ‘in the early days’, en
natuurlijk Sjozef van Baal waar het de EHBO {eerste hulp bij onbegrip} met de
computer betreft. Harold Glnther, jou bedank ik voor het gouden advies om een
Macintosh aan te schaffen om daarmee het proefschrift te schrijven en voor je hulp
bi] de afwerking van dit manuscript. Rob Willemsen, jii hebt al het goede LM/EM
‘werk gedaan, mijn dank voor deze bijzonder waardevolle bijdrage; Pim Visser, jjj
hebt een groot deel van de figuren getekend en Mirko Kuit, jij hebt bij mijn weten
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vrijwel alle fotografie {behalve LM/EM) die hier gepubliceerd wordt verzorgd. Dank
jullie wel. Jeanette Lokkar, hanelijk bedankt voor &l het type werk aan de artikel-
units en, samen met Rita Boucks, voor de ‘reigverslagen’ en andere gesprekken.
Van de 24ste verdieping ben ik Henk Janse erkentelik voor advies bij en, soms,
oplossingen voor het meten van enzymactiviteiten, De rest van de medewerkers
van de vakgroep Celbiojogie en Genetica, wetenschappelilk en niet-wetenschap-
peliik, van fab naar lab, van werkplaais naar keuken, van kweekhck naar bestel-
lingen: bij deze een ieder bedankt voor zijn/haar bijdrage.

Tot slot is er Mariine, maar jij staat voorop...
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