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RESUME 

La polyarthrite rhumatoïde est une maladie chronique, auto-immune et systémique. Elle 

touche surtout les articulations. Le processus inflammatoire y crée plusieurs phénomènes, 

notamment de la douleur et une limitation des mouvements. Le TNF-a est un médiateur 

important dans la physiopathologie de cette maladie. Son relâchement à partir de cellules 

telles que les neutrophiles et les macrophages est permis en grande partie par la 

métalloprotéinase TACE (INF-g ç_onverting ~nzyme). La TACE fait partie d'une famille, 



les ADAMs, dont plusieurs membres sont maturés par la furine, le prototype de la famille 

des convertases de proprotéines (PC). Nous avons démontré par immunobuvardage que la 

maturation de la T ACE était incomplète dans des cellules déficientes en furine (Lo Vo) 

alors que la transfection d'un plasmide encodant le gène de la furine restaurait le motif 

d'expression (maturation complète) observé dans des conditions normales. L'utilisation du 

dec-RVKR-cmk, un inhibiteur à large spectre des PCs amenait non seulement une 

inhibition de la maturation de la T ACE mais aussi une inhibition plus grande que celle 

observée en absence de furine, démontrant que non seulement la furine, mais aussi d'autres 

PCs jouent un rôle dans la maturation de la T ACE. Ceci a aussi été confirmé par des 

expériences de clivage in vitro d'un peptide contenant le site de clivage de la TACE par des 

PCs recombinantes. La furine et la PC2 pouvaient cliver ce peptide alors que la PC7 en 

était incapable dans les conditions utilisées. L'impact de la maturation de la T ACE par les 

PCs sur ses activités de relâchement du TNF-a (par ELISA) et du TNFR p75 (par 

cytométrie de flux) a aussi été évalué. Le relâchement de ces deux substrats était 

significativement diminué par l'inhibiteur des PCs. Étant donné que l'inhibition complète 

de la maturation de la TACE n'a pas été atteinte, et ce même en présence d'un inhibiteur à 

large spectre des PCs, nous avons postulé que d'autres enzymes devaient être impliquées 

dans ce processus. n a été démontré que des métalloprotéinases agissent, seules ou en 

concert avec la furine dans la maturation de quelques ADAMs, ce qui en fait de bons 

candidats pour la maturation de la T ACE. Nous avons obtenu des résultats avec des 

inhibiteurs des métalloprotéinases du clan des gluzincines qui tendent à supporter cette 

hypothèse. Nous avons donc démontré par plusieurs méthodes que la furine et d'autres 



convertases de proprotéines étaient impliqués dans la maturation de la T ACE. De plus, 

nous avons obtenu des résultats qui suggèrent aussi un rôle pour les métalloprotéases dans 

ce processus. Ces résultats pourraient contribuer au développement de nouveaux 

médicaments pour des maladies où le TNF-a joue un rôle, telles que la polyarthrite 

rhumatoïde ou les maladies inflammatoires de l'intestin. 



1. Introduction 

The system of nomenclature introduced for enzymes in the l 950's is ill suited for 

peptide hydrolases (peptidases, proteases) and other classification systems have been 

devised for them. Three criteria are important in the classification of peptidases. One of 

them is the nature of the reaction catalysed. Thus peptidases can be classified into 

exopeptidases, which act within three amino acids of peptide termini, and endopeptidases 

which act far from peptide chain ends (Table IA). Another basis for classification is the 

nature of the catalytic site. A serine, a cysteine, one or two aspartic acids, or a metal (most 

commonly zinc could be involved in the catalytic mechanism (Table 18). Finally 

peptidases can be classified according to evolutionary relationships into families. A family 

describes a group of peptidases that are believed to have been derived from a single 

ancestor as shown by statistically significant amino acid sequence alignments, at least in the 

catalytic domain (Rawlings and Barrett, 1993 ). However divergent evolution may make it 

impossible to prove relationship according to primary structure atone. Thus distant 

relationship indicators such as catalytic-site residues, conserved residues around the 

catalytic site or tertiary structure can permit several families to be grouped as a clan 

(Rawlings and Barrett, 1993 ). 
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1.1. Proprotein Convertases 

1.1.1. History 

A single gene can generate a variety of proteins. This phenomenon can occur by 

alternative splicing but also by post-translational modification to the protein. In the late 

'60s, two groups suggested that peptide hormones were synthesized as large precursors that 

give rise to the biologically active hormones after intracellular cleavage. It was thus 

suggested that a single large molecule, later to be called pro-opiomelanocortin, was the 

precursor to several melanotropic, lipolytic and adrenocorticotropic hormones: a-MSH, /3-

MSH, /3-LPH, -y-LPH as well as ACTH (Chrétien and Li, 1967). Another group proved that 

a larger protein dubbed proinsulin gave rise to insulin after proteolysis (Steiner et al., 

1967). lt was then discovered that essentially ail peptide hormones and neurotransmitters 

were initially synthesized as precursors, then cleaved at dibasic sites such as RR, RK, KR, 

or KK (Seidah et al., 1994 ). 

However, the enzymes responsible for releasing the biologically active hormones 

were still unknown. lt is only in the early ·80s that a study in a S. cerevisiae kex2 mutant 

led to the isolation of the KEX2 gene, encoding a novel protein later to be named kexin. 

This protein is responsible for the cleavage of the yeast prepro-a-factor at the carboxyl side 

of a di basic lysine-arginine site (Julius et al., 1984 ). It was also demonstrated in the same 

study that kexin was insensitive to serine protease inhibitors such as PMSF, TLCK, and 

TPCK. However, kexin was proven to be inhibited by the metal chelators EDT A and 

EGT A while the addition of Ca2
+ suppressed that inhibition (Fuller et al., 1988; Fuller et 
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al., 1989a). Cloning and sequencing of the KEX2 cDNA (Mizuno et al., 1988) uncovered 

an N-tenninal region highly homologous to subtilisin-like bacterial serine proteases. 

Kexin was found to correctly cleave a number of mammalian substrates such as pro-

albumin (Bathurst et al., 1987), protein C (Foster et al., 1991), and pro-opiomelanocortin 

(Thomas et al., 1988). Thus the existence of a mamrnalian homologue of kexin was highly 

suspected. Finally in 1989, it was discovered that a mammalian protein cloned in 1986 

possessed high levels of identity to kexin, including the kexin catalytic domain and residues 

important for catalytic activity. Furthennore, this protein and kexin shared a much higher 

homology to each other than to other subtilisin-like proteases (Fuller et al., 1989b). This 

protein, which is most commonly referred to as furin, is the product of a gene named fur 

becausc of its location in a c-fes/fps ypstream region. This discovery was confinned in the 

following years (Van den Ouweland et al., 1990 and Barr et al., 1991) and the name PACE 

(for paired basic amino acid cleaving enzyme) was proposed. Moreover, furin was proven 

to retain the calcium dependency. lt was also demonstrated to be active over a wide pH 

range although with optimal activity at pH 7 .0 (Hatsuzawa et al., 1992b ). 

Discovery of other mammalian homologues of kexin followed shortly: PCl (also 

referred to as PC3; PC stands for proprotein convertase) and PC2 were cloned by PCR 

using degenerate primers based on sequences of the catalytic domain conserved among the 

bacterial subtilisins, kexin and furin (Smeekens et al., 1991; Smeekens and Steiner, 1990; 

Seidah et al., 1990; Seidah et al., 1991 ). 
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Later, similar PCR-based strategies led to the identification of the other members of 

the proprotein convertase family known to date: PACE4 (Kiefer et al., 1991 ), PC4 

(Nakayama et al., 1992; Seidah et al., 1992), and PC5/PC6 (Nakagawa et al., 1993a; 

Lusson et al., 1993; De Bie et al., 1996; Nakagawa et al., 1993b). PC7 (or PC8, LPC) was 

discovered because of its involvement in chromosomal translocation (Meerabux et al., 

1996; Bruzzaniti et al., 1996; Seidah et al., 1996; Constam et al., 1996). It is noteworthy 

that PC5/PC6 A and PC5/PC6 B are isoforms resulting from alternative splicing and not 

products of different genes. As things were getting more complicated, a simplified 

terminology was proposed by Chan et al., 1992 using the term SPC for ~ubtilisin-like 

Qroprotein fonvertase (refer to Figure lA for a complete list of all members of the PC 

family, with the different names for each member). 

Recently, another convertase, subtilisin/kexin isozyme (SKl-1) was cloned and 

characterized (Seidah et al., 1999; Toure et al., 2000). Again, an RT-PCR strategy was 

used, but primers were degenerate and closer to bacterial subtilases than mammalian PCs. 

Although SKI-1 presents some similarities to PCs it is closer to bacterial subtilases. lts 

specificity is somewhat different from that of PCs. lts structure C-terminal to the catalytic 

domain is also very different from that of PCs: it does not possess the typical P-domain of 

PCs (see below), but a growth factor/cytokine receptor motif of unknown function. 

According to Siezen and Leunissen 's classification of subtilases, it be longs to the pyrolysin 

branch while PCs belong to the kexin branch (Siezen and Leunissen, 1997). 
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1. 1.2. Structure 

PCs themselves are synthesized as precursors and consequently, they possess a 

prodomain (Figure 2). Then follows the subtilisin-like catalytic domain, a 'P' domain (also 

called homo B or middle domain), and a variable carboxyl terminus. Sorne PCs also 

possess a cysteine-rich domain white others are transmembrane proteins and have a 

transmembrane domain and a cytosolic tait. 

The catalytic demain 

This domain is the one with the highest level of homology among the PCs; it also 

shares extensive homology with bacterial subtilisins. The catalytic triad consists of the 

residues Ser, His, and Asp (Siezen et al., 199 l ). An Asn is also conserved ( Asp for PC2) 

and is important in the catalytic process (Wells and Esteil, l 988). These four residues are 

ail in the same relative positions in ail members of the PC family. 

Endocrine and neural convertases PC l and PC2 cleave at a simple pair of basic 

residues, just like bacterial subtilisins (Seidah and Chrétien, 1997). The furin consensus 

recognition site, however, is different. A minimal R-X-X-R and optimal R-X-K/R-R sites, 

where X is any amino acid except cysteine and rarely proline, were proposed by Molloy et 

al., 1992 and Hosaka et al., 199 l Nonetheless, some substrates do not perfectly fit the latter 

sequences. This prompted further studies on the furin consensus recognition site (Watanabe 

et al., l 992; Watanabe et al., 1993; Takahashi et al., l 994) which led Nakayama to 

formulate the following, less restrictive rules for substrate recognition by furin: l) an R 
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residue at the Pl position is essential; 2) at least two basic residues out ofthree are required 

at the P2, P4, and P6 positions; and 3) an amino acid with a hydrophobie aliphatic side 

chain is not suitable in the Pl' position (Nakayama, 1997). Phage display data (Matthews et 

al., 1994) and in vitro studies (Jean et al., 1995a; Jean et al., 1995b) have determined that 

the X residues (in R-X-X-R) and those carboxyl to the cleavage site define the fine 

specificity of each convertase. As well, subcellular localization and tissue expression are 

important in determining the substrates cleaved in vivo by each PC. Refer to Figure 3 for 

furin substrates and a comparison with other convertases. As indicated in Figure 3, furin 

and PCs cleave a number of proteins involved in tumoral progression such as growth 

factors and matrix metalloproteinases (Bassi et al., 2000) and there is currently some 

interest in the the role of PCs in that process. For instance, Klein-Szanto and co-workers 

have recently determined that furin expression is up-regulated in aggressive head and neck 

tumors compared to less aggressive cancers (Bassi et al., 2001 b) and that furin inhibition 

decreased invasiveness (Bassi et al., 200 la). There is also sustained interest as to the role of 

furin in viral infections. For instance, it has been proven that the respiratory syncitial virus 

fusion protein is cleaved by furin at not only one but two sites (Zimmer et al., 2001) and 

that inhibition of processing by furin impaired virus budding, although not abolishing it 

(Boit et al., 2000; Sugrue et al., 200 l ). 

The prodomain 

The prodomain of PCs bas multiple functions. First, it acts as an intramolecular 

pseudochaperone (Seidah and Chrétien, 1997), directing correct folding of the protein in the 
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endoplasmic reticulum. ln furin, autocatalytic intramolecular cleavage of the prodomain 

follows within a few minutes at an RAKR furin recognition site (Leduc et al., 1992; 

Creemers et al., 1993 ). lt bas been demonstrated that this endoproteolytic cleavage is 

actually a prerequisite, without being sufficient, for transport out of the ER. The 

prodomain, however, remains non-covalently associated with the catalytic domain of the 

enzyme. lt acts as a competitive inhibitor until transport into the trans-Golgi network. 

There, a low pH and high calcium levels promote cleavage in the middle of the propeptide 

at a second basic cluster site (Anderson et al., 1997). This facilitates dissociation of the 

prodomain and full activation of the enzyme. Thus the prodomain ensures that the 

convertase remain inactive until it reaches an appropriate compartment. 

The prodomain of PC I is also known to be cleaved early in the secretory pathway 

and an activation mechanism similar to that of furin seems likely (Rouillé et al., 1995). On 

the other band, the activation mechanism of PC2 bas been extensively studied and is much 

more complex. lt involves interaction with a 27 k.Da protein called 782, which accelerates 

the transport of proPC2 through the secretory pathway. 782 is subsequently cleaved by 

furin or other convertases (Zhu et al., 1996a; Muller et al., 1997; Benjannet et al., 1995; 

Lamango et al., 1996; Zhu et al., 1996b ). 

The 'P' domain 

The 'P' domain is another highly conserved region between PCs and kexin. 

However, it is absent in bacterial subtilisins (Figure 2). It bas been determined that this 

domain is important for proper folding of the convertases (Gluschankof and Fuller, 1994; 
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Zhong et al., 1996) and is essential for catalytic activity (Zhong et al., 1996; Hatsuzawa et 

al., 1992a; Takahashi et al., 1993; Takahashi et al., 1995b ). The P domain also serves to 

modulate Ca2+ and pH dependency (Molloy et al., 1999). Finally, an RRGDL pentapeptide 

located in the middle part of this domain is conserved. This pentapeptide contains the 

consensus RGD integrin binding sequence ( except for PC7 which bas an RGS sequence ). 

lts role is unknown, except for that it might be important for subcellular sorting, as 

mutation of any of the three residues of this sequence in PCI/PC3 results in mis-sorting 

(towards the constitutive secretory pathway, while this is a neuroendocrine convertase) and 

loss of catalytic activity (Lusson et al., 1997). 

1. 1. 3. Tissue distribution of PCs 

PCs can be classified into three categories on the basis of their tissue distribution. 

First, furin is ubiquitously expressed, although levels vary among cell types (Schalken et 

al., 1987; Hatsuzawa et al., 1990; Day et al., 1993; Schafer et al., 1993). This expression is 

controlled by at least three promoters. One is subject to regulation while the other two share 

the characteristics of 'housekeeping' gene promoters (Ayoubi et al., 1994). Furin mRNA 

can be detected by in situ hybridization as early as embryonic day 7 (e7) in both endoderm 

and mesoderm (Zheng et al., 1994). lts expression is quite uniform until day elO, when it 

rises significantly in the heart and liver. Later in fetal life, furin is widely expressed and 

continues to be expressed until the adult stage. P ACE4 (Kiefer et al., 1991; Dong et al., 

1995; Zheng et al., 1997; Nagamune et al., 1995), PC5/PC6 (Nakagawa et al., 1993a; 

Lusson et al., 1993; Dong et al., 1995; Zheng et al., 1997), and PC7 (Meerabux et al., 1996; 
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Bruzzaniti et al., 1996; Seidah et al., 1996; Constam et al., 1996) are also widely expressed, 

although they do not share the same expression pattern during development (Zheng et al., 

1997). 

In contrast, PCl/PC3 (Seidah et al., 1990; Seidah et al., 1991; Smeekens et al., 

1991) and PC2 (Smeekens and Steiner, 1990; Marcinkiewicz et al., 1993; Marcinkiewicz et 

al., l 994; Seidah et al., 1990; Schafer et al., 1993; Zheng et al., 1994; Nagamune et al., 

1995; Marcinkiewicz et al., 1993; Marcinkiewicz et al., 1994) have a much more limited 

expression: they are expressed in neuroendocrine tissues such as specific brain regions (e.g. 

the pituitary), pancreatic islets, and adrenal medulla. Evidence was also provided for their 

expression in inflammatory cells such as polymorphonuclear leukocytes, alveolar 

macrophages and spleen mononuclear cells (Vindrola et al., 1994 ). 

Finally, the expression of PC4 is highly restricted to testicular germ cells 

(Nakayama et al., 1992; Seidah et al., 1992; Torii et al., 1993 ). The tissue distribution of 

PCs is summarized in Figure lA. 

1. 1.4. Subcellular localization of PCs 

PCl/PC3 and PC2, given their rote in the maturation of neuroendocrine products, 

are mostly localized in dense core secretory granules and in the trans-Golgi network 

(Malide et al., 1995) as illustrated in Figure l B. The subcellular localization of PACE4 

remains unclear, except for the fact that it may process precursors present in the 

constitutive secretory pathway (Shapiro et al., 1997). PC5/PC6 is interesting because it is 
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the first example of different subcellular localization of isoforms derived from the same 

gene. PC5/PC6A bas been reported to be localized within dense secretory granules, while 

isoform PC5/PC6B appears to be localized in the Golgi apparatus, although it does not 

seem to concentrate in the trans-Golgi network (De Bie et al., 1996). 

Furin is mostly localized to the trans-Golgi network, although it is also expressed at 

the cell-surface and in endosomes (Shapiro et al., 1997). PC7 seems to have a similar 

localization, albeit not an identical one (Munzer et al., 1997). PC7 seems to be localized to 

post-Golgi compartments along the constitutive secretory pathway. In fact, recent studies 

indicate that the localization of PC7 is distinct from furin and is rather concentrated in 

trans-Golgi network-derived vesicles instead of the trans-Gotgi network (Wouters et al., 

1998). The mechanism of furin subcellular localization involves cycling in two local loops, 

one at the trans-Golgi network and the other between the cell-surface and early endosomes. 

As illustrated in Figure 4, trapping of furin within either of these loops is mediated by 

casein kinase 11-mediated phosphorylation of a Ser-containing cluster, SDSEEDE, in the 

cytosolic domain (Schafer et al., 1995; Voorhees et al., 1995; Jones et al., 1995; Takahashi 

et al., 1995a). The phosphorylated acid cluster binds sorting protein PACS-1 (nhosphofurin 

~cidic ç_luster ~orting protein l) which acts as an adaptor between furin and the clathrin 

sorting _machinery to permit retrieval of furin. Dephosphorylation by specific isoforms of 

phosphatase 2A permits movement between the two loops (Molloy et al., 1998). The 

cytosolic tail also contains a tyrosine/clathrin-coated pit recruitment signal which brings 

about budding of furin from the trans-Golgi network in one loop, and its intemalization 
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from the cell-surface in the other (Marks et al., 1997; Molloy et al., 1999) upon binding of 

clathrin-associated adaptor proteins. 

1. 1. 5. Furin and PC inhibitors 

Chemical inhibitors 

As mentioned above, PCs are Ca2
+ -dependent enzymes. They are therefore sensitive 

to any Ca2
• chelator such as EDT A or EGT A (both at 5 mM) and some heavy metal ions 

such as Hg2+, Zn2
·, and Cu2+ (2 mM) (Hatsuzawa et al., 1992b). Other inhibitors such as 

thiol reagents (pCMBS at 2 mM) reduce the thiol group of the free cysteine near the 

histidine residue of the catalytic site and impair catalytic activity (Siezen et al., 1994). The 

exact mechanism has not been further investigated. Traditional serine protease inhibitors 

such as PMSF, DFP, leupeptin and antipain are very weak inhibitors of furin (Hatsuzawa et 

al., 1992b ). 

Thus, the only effective inhibitors in this category are toxic (since chelation of 

calcium, which is neccssary for a large amount of essential biological processes, is lethal) 

or non-specific. That precludes their use in vivo, and in culture media for any important 

time length. 

Peptide inhibitors 

Since the discovery of the furin recognition sequence (Hosaka et al., 1991) many 

attempts have been made to design molecules that would specifically inhibit furin. The 
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intention was to impair some viral infections by inhibiting maturation of their envelope 

glycoprotein. Klenk, Garten, and co-workers (Hallenberger et al., 1992) used acylated 

peptidyl chloromethanes, or chloromethylketones containing a furin recognition sequence, 

for instance, decanoyl-Arg-Glu-Lys-Arg-CH2CI. They have demonstrated that these 

peptides inhibit furin-mediated maturation in vitro of influenza-virus hemagglutinin (HA) 

at a micromolar range, through covalent binding of the catalytic site. Subsequently, they 

have also proven that these peptides blocked the maturation of viral envelope glycoprotein 

precursors, such as influenza HA, HIV gp 160, cytomegalovirus glycoprotein B and 

parainfluenza-virus glycoprotein F0, thus impairing viral particle formation (Hallenberger et 

al., 1992; Garten et al., 1994; Hallenberger et al., 1992; Vey et al., 1995; Ortmann et al., 

1994 ). These peptides are useful for in vitro studies on the involvement of PCs in substrate 

maturation. They are however not suited for in vivo antiviral therapy since they are unstable 

and cytotoxic because of their irreversible mechanism of action. It is also important to 

mention that these are not necessarily specific furin inhibitors but are also effective against 

the other members of the proprotein convertase family (see Table 2). 

Subsequently, new classes of peptide inhibitors were developed. In one study 

(Angliker, 1995), the -NH group of the scissile peptide bond was replaced with a methylene 

group to yield decanoyl-Arg-Val-Lys-Arg-CO K:H2-Ala-Val-Gly. Also, a methylene group 

was inserted between the -CO and -NH groups of the scissile bond to yield decanoyl-Arg-

Val-Lys-Arg-CO K:H2-NH-Ala-Val-Gly. An advantage ofthese peptides is that they inhibit 

furin in a reversible way. Another advantage is their effective concentration that has been 

determined in vitro to fall within the nanomolar range. 
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Basak and co-workers have designed another class of peptide, with an unnatural 

amino acid at the Pl' position (the amino acid just carboxyl to the cleavage site). These 

peptides have been shown to inhibit furin and PCI/PC3 in vitro in the micromolar range 

(Basak et al., 1994; Basak et al., 1995). More recently, it was discovered that polyarginine 

oligopeptides are potent convertase inhibitors acting in the nanomolar range (Cameron et 

al., 2000). They are small and seem non-cytotoxic, as can be surmised from the lack of 

apparent toxicity in in vivo studies of mucin release in goblet cells (Ko et al.. 1999; Vepa et 

al., 1997). Furthermore, D-peptides are almost as potent as L-peptides, which is interesting 

for possible therapeutic drug development, given that D-peptides are likely to be more 

resistant to hydrolysis in vivo (Cameron et al., 2000). 

Protein inhibitors 

Severa! attempts were made to utilize naturally occurring proteins as PC inhibitors. 

Boudreault and co-workers (Boudreault et al., 1998) purified the N-terminal portion of 

convertase PCI/PC3 containing the prodomain (residues 1-84). The inhibitory activity of 

this protein towards PC l/PC3 itself, PC2, and furin was then determined. A K; of 6 nM for 

PC l/PC3 and of l 0 nM for furin was obtained, while the K; for PC2 was of 10 µM, 

reflecting the different maturation mechanism of PC2, as discussed previously. These 

results suggest that the prodomain of some PCs might be useful as inhibitors. However, the 

authors themselves pointed out that stability problems arise with these inhibitors, even in 

vitro. 
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Another group has engineered az macroglobulin (azM) in order to include a furin 

recognition sequence (Van Rompaey et al., 1997). Wild-type azM is a glycoprotein 

homotetramer with a high seric concentration. It is a non-specific inhibitor active against a 

great number of proteases. Inhibition is mediated by cleavage of a flexible, solvent-facing 

peptide sequence that acts as hait. Upon cleavage of this sequence, major conformational 

changes occur, leading to trapping of the protease by azM (Barrett and Starkey, 1973). The 

strategy employed by Van Rompaey and co-workers was to introduce a furin recognition 

site in the bait region. They proved that furin was indeed inhibited by this mutant azM. 

Unfortunately, this engineered azM retained the ability to inhibit elastase and trypsin and 

thus is a non-specific furin inhibitor. 

Other groups have tried to use naturally occurring serpins as the basis for new 

inhibitors. Serpins are endogenous serine Qrotease inhibitors involved in regulation of many 

biological processes such as coagulation (reviewed in Potempa et al., 1994 ). Their 

mechanism of action involves formation of a stable bond between residues in the active 

sites of the serpin and the protease (Matheson et al., 1991 ). Therefore, the specificity of a 

serpin is determined by the composition of its active site. A naturally-occuring serpin, 

proteinase inhibitor 8 (PI-8) has recently been proven to contain two minimal furin 

recognition sites (Sprecher et al., 1995) and to be a potent furin inhibitor with a K; within 

the picomolar range (Dahlen et al., 1998). Another interesting inhibitor derived from 

serpins is based on a1-antitrypsin (a1-AT). Wild-type a1-AT is a specific elastase inhibitor. 

However a mutant, a1-antitrypsin Pittsburgh (AT-PIT), with a mutation of the reactive-site 

Met to an Arg, has a different specificity. The ability to inhibit elastase is lost in favor of 
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thrombin (Lewis et al., 1978; Owen et al., 1983). A study also revealed that this mutant 

inhibited proalbumin conversion in vitro by Kex2p and by a Kex2p-Iike enzyme (probably 

furin) in rat liver (Brennan and Peach, 1988). More recently, Thomas and co-workers have 

introduced an additional mutation, so that the reactive site residues are Arg355 -Ile-Pro-

Arg358, a furin recognition sequence (Anderson et al., 1993). This mutant, called a1-

antitrypsin Portland (AT-PDX), bas been proven to be a quite specific furin convertase as 

the only other convertase inhibited at similar levels is PC6B, for which it is 4-fold less 

potent as illustrated in Table 2. Moreover, a complete inhibition in HIV gp 160 precursor 

maturation was observed in AT-PDX-expressing cells. Thus AT-PDX is a potent and 

specific furin inhibitor, that can be produced by mammalian cells and therefore doesn 't 

have the disadvantage of other inhibitors of not being able to cross the plasma membrane 

and to act on intracellular pools of furin. 
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1.2. Metalloproteases 

Metalloproteases are perhaps the most diverse group of proteases. They are 

characterized by the involvement of a metal ion (most commonly zinc) in the catalytic 

process. The most common metal binding motif is HEXXH. It has been demonstrated that 

the glutamic acid in this motif is essential for catalytic activity while the two histidines bind 

the zinc ion (Weaver et al., 1977). However a third metal ligand is necessary for the metal 

binding site to be complete. In clan MA, this site is completed by a glutamic acid, 20 

residues C-terminal to the HEXXH motif (Mathews et al., 1974), hence the name 

gluzincins for members of this clan. In clan MB, it is completed by a third histidine (Bode 

et al., 1992; Gomis-Rüth et al., 1993 ). In the remaining metalloprotease families the third 

metal ligand is unknown (refer to Table 3 ), the metal binding motif is different from 

HEXXH (for example HXXEH), or the metal ligands are completely unknown. 

1. 2. 1. Clan MA - Gluzincins 

According to Rawlings and Barrett's classification of metalloproteases (Rawlings 

and Barrett, 1995), clan MA comprises 5 families: the thermolysin family, the mycolysin 

family, the neprilysin family, the membrane alanyl aminopeptidases, and the peptidyl-

dipeptidase A family (Table 3 ). Thermolysin is the most thoroughly studied 

metalloprotease. It is known for its exceptional thermal stability. lts family contains only 

bacterial products. Mycolysin is the sole member of its family. It is produced by several 

Streptomyces spp. including S. griseus. The neprilysin family contains both mammalian 
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members such as neprilysin itself ( enkephalinase, CALLA), endothelin converting enzyme, 

and the Kell blood group antigens and a bacterial enzyme, peptidase O (Lactococcus lactis). 

The neprilysin family members are potently inhibited by the metalloprotease inhibitor 

phosphoramidon, as are the thermolysin family members (Fulcher et al., 1982). 

Angiotensin converting enzyme (ACE or peptidyl-dipeptidase A) also forms a family of its 

own. Of interest is its inhibition by the metalloprotease inhibitor thiorphan which also acts, 

albeit 50-fold more potently, on neprilysin family members (Foumie-Zaluski et al., 1984). 

lt also acts on thermolysin (Benchetrit et al., 1987). The membrane alanyl aminopeptidases 

comprise the leukotriene A. hydrolase, which bas an aminopeptidase activity apart from its 

activity as a L TA. hydrolase. 

Thus, ail peptidases from the thermolysin, neprilysin and ACE families are inhibited 

by either thiorphan or phosphoramidon. In clan MA, only mycolysin family members, 

which exist only in bacteria, and membrane alanyl aminopeptidases, which as indicated by 

their name are exopeptidases, are not inhibited by thiorphan or phosphoramidon. lt should 

therefore be obvious that a mammalian endometalloprotease not inhibited by either one of 

these inhibitors cannot belong to clan MA. 

1. 2. 2. Clan MB - Metzincins 

Apart from the third metal ligand being a histidine six amino acids C-terminal to the 

HEXXH motif, clan MB is characterized by a conserved glycine. The complete zinc 

binding site in clan MB is therefore HEXXHXXGXXH. This glycine is important in that it 

forms a hairpin loop that enables the third histidine to bind the catalytic zinc. Also 
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important is a strictly conserved methionine residue that seems essential for the integrity of 

the catalytic site and is part of a structure called the 'Met-tum'. This structure enables the 

polypeptide chain C-terminal to the third histidine of the catalytic site to form a loop that 

ends over the zinc atom (Bode et al., 1993). Clan MB peptidases are thus also called 

metzincins. An interesting propeptide mechanism referred to as the 'cysteine switch' arose 

early in the evolution of this clan, as it is present in many of its eukaryotic members but 

absent in others. An odd-numbered cysteine present in the propeptide of these enzymes 

forms a coordination bond with the catalytic zinc atom, preventing it from binding the 

water molecule essential for the catalytic process (Springman et al., 1990). The cysteine 

switch must be tumed off either by propeptide cleavage or by chemical treatment for the 

enzyme to be activated (Springman et al., 1990; Nagase et al., 1990). Clan MB includes 

four families: the astacin family, the interstitial collagenase family, the autolysin family and 

the Streptomyces small neutral protease family (Table 3 ). The interstitial collagenase family 

contains the matrix metalloproteases, which have been involved in several pathological 

processes such as tumor progression and rheumatoid arthritis. 

1.2.3. Adamalysins and ADAMs 

Structure 

Adamalysins, or reprolysins are a subfamily of the M 12 astacin family of clan MB 

metalloproteases (Rawlings and Barrett, 1995; Bjamason and Fox, 1995; Fox and 

Bjamason, 1995). As indicated in Table 3, the astacin family consists of the astacin 

subfamily and the adamalysin subfamily, and some authors consider these two subfamilies 
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to be separate families (Stôcker et al., 1995; Stôcker and Bode, 1995). The name reprolysin 

was suggested by Bjamason and Fox to reflect the reptilian origin of one of the two groups 

represented in this subfamily, snake venom metalloproteases (SVMPs), as well as the 

reproductive role of the first discovered mammalian members (Wolfsberg and White, 1996; 

Yuan et al., 1997; Myles and Primakoff, 1997; Cho et al., 1998). 

This subfamily is characterized by its structure that includes both a metalloprotease 

and a disintegrin domain (see Figure 5), hence the acronym ADAM (i! gisintegrin ~nd 

metalloprotease) for selected members and the name adamalysin for the whole subfamily. 

ln contrast to SVMPs, not ail ADAMs contain an active protease domain (Black and White, 

1998), as indicated in Table 4. The disintegrin domain was named for its ability in SVMPs 

to disrupt integrin function. lndeed, by binding platelet fibrinogen receptor (a complex 

formed by integrins GPllb and GPllla) and therefore impairing platelet aggregation, it is 

responsible for the hemorrhagic effect of these proteins (Dennis et al., 1989). ln several 

ADAMs, the disintegrin domain has been implicated in mediation of cell-cell interaction 

through the binding ofintegrins (Almeida et al., 1995; Yuan et al., 1997; Chenet al., 1999; 

Zhang et al., 1998). Another important feature is the prodomain that contains a cysteine 

switch similar to that of the MMPs (Nagase, 1997; Milhiet et al., 1995; Loechel et al., 

1998). However the cysteine switch seems to be present only in the catalytically active 

ADAMs (Roghani et al., 1999) but not in those lacking a functional catalytic site. 

Adamalysins also possess a cysteine-rich domain, which was proven to play a role in cell 

fusion (Huovila et al., 1996; Waters and White, l 997). This domain bas also been 

hypothesized to play a role in dissociation of the prodomain following its proteolytic 
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cleavage (Milla et al., 1999). It was also demonstrated to be necessary for cleavage of some 

but not ail substrates (Reddy et al., 2000). ADAMs also possess epidennal growth factor-

like repeats of unknown role. They are also type I transmembrane proteins. Thus, they (but 

not SVMPs) contain a transmembrane domain and a cytoplasmic tail. Sorne ADAMs, 

especially catalytically active proteases, have SH2 and SH3 proline-rich binding domains in 

their cytoplamic tail which permits interaction with other proteins (Black and White, 1998). 

It bas actually been proven that MDC9 (ADAM9) and MDC15 (ADAM15) internet with 

two SH3 domain-containing proteins, endophilin I and SH3PX 1. Endophilin I is thought to 

play a role in synaptic vesicle endocytosis. Sorne PX domain-containing proteins, such as 

the yeast sorting nexins, are involved in regulating the subcellular localization of other 

proteins or protein complexes. Therefore endophilin I and PX-domain containing SH3PX1 

may have a rote in modulating the function of MDC9 and MDC 1 by regulating their 

subcellular localization (Howard et al., 1999). Furthermore MAD2 bas been proven to 

internet with a putative proline-rich SH3 ligand domain in the cytoplasmic tail of T ACE 

(ADAM 17), which suggested a yet-to-be investigated possible link between ADAMS and 

the cell cycle (Nelson et al., 1999). 

Roles of ADAMs 

As just mentioned, ADAMs contain several domains that are able to internet with 

other proteins. Therefore, ADAMs play a variety of rotes in biological processes. These 

have been classified into four categories: proteolysis, cell adhesion, cell fusion and cell 

signaling. Proteolysis is the most obvious role. ADAMs are involved in the ectodomain 
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shedding of a wide range of proteins such as cytokines, growth factors, cytokine and 

growth factor receptors, amyloid precursor protein, and even the cellular prion protein 

(Vincent et al., 200 l ). However, proteolysis of some substrates such as cytokines (TNF-a 

(Black et al., 1997; Moss et al., 1997), TRANCE (Lum et al., 1999), TGF-a (Peschon et al., 

1998), and others), the growth and differentiation factors neuregulins (Montera et al., 

2000), and the cell-fate determination receptor Notch (Brou et al., 2000) suggests ADAMs 

play a role, at least indirectly, in cell signaling. ADAMs might also have signaling 

functions through the integrin binding capacity of their disintegrin domain, although this 

remains to be investigated (Moss et al., 1997; Black et al., 1997). Finally, a role in cell 

adhesion and fusion bas been established for ADAMs, mostly through the disintegrin 

domain, as mentioned above (Killar et al., 1999). Specific potential roles for some ADAMs 

are indicated in Table 4. 

1.2.4. TACE 

T ACE C[NF-g ç_onverting ~nzyme) or ADAM 17 was purified for its ability to 

cleave a 12-residue peptide corresponding to the TNF-a cleavage site. lt was cloned and 

sequenced in 1997 simultaneously by two independent groups (Black et al., 1997; Moss et 

al., 1997). lts expression is ubiquitous, although higher levels are observed in adult heart, 

placenta, skeletal muscle, pancreas, spleen, thymus, prostate, testes, ovary, and small 

intestine (Black et al., 1997). lts structure is identical to that described above for ADAMs. 

lts prodomain contains a cysteine switch, and a peptide derived from the T ACE cysteine 

switch bas been used as an inhibitor (Roghani et al., 1999). A putative optimal furin 
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recognition sequence is found at the jonction of the prodomain and the catalytic domain. Of 

special interest is the cysteine-rich region, which, as mentioned above, is necessary for the 

dissociation of the prodomain (Milla et al., 1999). lt also seems necessary for shedding of 

the ectodomain oflL-lR-11 but not ofTNF-aorofp75 TNFR (Reddy et al., 2000). 

The transmembrane domain - subcellular localization 

Like ail ADAMs, T ACE is a transmembrane protein. lt is present in the plasma 

membrane, mostly in its mature form, as confirmed by several studies (Schlôndorff et al., 

2000; Reddy et al., 2000; Doedens and Black, 2000). However, the majority of the T ACE 

molecules are found in an intracellular perinuclear compartrnent (Schlôndorff et al., 2000; 

Skovronsky et al., 2000) where it is present in both precursor and mature forms 

(Skovronsky et al., 2000). Although the dogma is that proTNF-a is cleaved from the plasma 

membrane to be released, there is increasing evidence that proTNF-a is actually processed 

intracellularly. First, T ACE is, as just mentioned, mostly intracellular. Secondly, TNF-a 

itself is also mostly localized to the perinuclear Golgi complex in LPS-stimulated RA W264 

macrophages (Shurety et al., 2000). Furthermore, another study indicated, through 

inhibition of processing and secretion by Brefeldin A and pulse-chase analysis, that TNF-a 

is processed in a post-endoplasmic reticulum site and that this processing is closely 

associated with transport to the cell surface (Solomon et al., 1997). 

Although one study indicated that a soluble fonn of T ACE lacking the 

transmembrane and cytosolic domains was still able to process a peptide containing the 
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TNF-a cleavage site (Milla et al., 1999), a membrane anchoring domain bas been proven to 

be necessary for full-length proTNF-ashedding (Reddy et al., 2000; Itai et al., 2001). 

Substrates 

TACE was originally cloned and named for its ability to shed TNF-a (Black et al., 

1997; Moss et al., 1997). Since then, however, the list of substrates that T ACE can cleave 

has grown considerably. Among those are other cytokines such as TGF-a (Peschon et al., 

1998), TRANCE (Lum et al., l 999), and the chemokine fractalkine (Garton et al., 200 l ). 

Sorne cytokine and growth factor receptors are also subject to cleavage by T ACE: IL6-R 

(Althoff et al., 2000), IL-1 R-11 (Reddy et al., 2000), GH receptor (Zhang et al., 2000), M-

CSFR (Rovida et al., 200 l ), and interestingly, both TNF receptors, TNFR-1 (Reddy et al., 

2000) and TNFR-11 (Peschon et al., 1998). Neuregulins, a family of growth and 

differentiation factors, are also shed by TACE (Peschon et al., 1998), as well as one oftheir 

receptors, epidermal growth factor receptor (EGF)-like HER4 (Rio et al., 2000). L-selectin 

has been used as a marker for T ACE activity (Peschon et al., l 998). T ACE has also been 

proposed to have an amyloid-precursor protein a-secretase activity (Buxbaum et al., 1998), 

although it is thought that this activity is most probably due to ADAM l 0 (Lammich et al., 

1999). Interestingly, T ACE bas been proven to contribute to the cleavage of the cellular 

prion protein (Vincent et al., 200 l ). Finally, there has been a report of autocatalytic activity. 

This was observed in cell lysates prepared in presence of non-ionic detergents and in 

absence of metalloprotease inhibitors. This activity seemed to involve not the prodomain, 

but the cytoplasmic tait, as T ACE prepared in these conditions was no longer recognized by 
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antibodies raised against the cytoplasmic tail but still was by other antibodies (Schlondorff 

et al., 2000). 

Physiologie roles 

Given that T ACE bas such a large array of substrates, and that the number is still 

growing, one should expect T ACE to be important in many biological processes. The 

biological roles of T ACE can be deduced from studies on T ACE-deficient mice performed 

by two different groups. Expectedly, most TACE knock-out mice died between day el7.5 

and the first day after birth (Peschon et al., 1998). Several eye defects were observed: 

eyelids failed to fuse ( eyelids normally fuse at day e 16.5 and re-open only 14 days after 

birth), the conjunctival sac was absent, and the cornea was attenuated. Hair follicle 

distribution was disorganized, with irregular shape, position and orientation, as well as 

extension into the adipose layer and irregular pigment deposition. Epithelial cell maturation 

and organization was impaired or delayed in a number of organs, such as the intestine, lung, 

nonglandular stomach, thyroid, parathyroid, and salivary gland. 

Two studies by another group examined lung defects in finer detail (Zhao et al., 

200 lb; Zhao et al., 200 la). Lung branching morphogenesis was retarded and fewer saccular 

structures were observed in T ACE knock-out fetuses. Interstitial mesenchyme was 

thickened, and septal formation was absent at days el6.5 and el8. Epithelial cell 

proliferation was also greatly impaired. Epithelial cell differentiation was also delayed as 

immunostaining for surfactant protein-C, produced by mature type II lung epithelial ct!lls, 

revealed a patchy distribution and a reduced intensity. Lung vasculature development was 
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also impaired. Most effects observed in ail three studies were similar to those observed in 

the case ofTGF-aor EGF receptor deficiency. 

TACE Regulation 

T ACE being a metalloprotease, Zn2
+ chelators are effective inhibitors. 

Hydroxamate-based inhibitors such as marimastat (BB-2506), batimastat (BB-94), BB-

3103, TAPI (TNF-a protease inhibitor), and many others are also useful (Moss et al., 1997; 

Amour et al., 1998). Amour and co-workers also determined that although TIMP-1 and 

TIMP-2, MMP inhibitors, as well as TIMP-4 have no effect on T ACE activity, TIMP-3 is 

an effective inhibitor (Lee et al., 2001; Amour et al., 1998). However it is also an inhibitor 

of ADAM 10 (Amour et al., 2000). 

The mechanism of other TACE modulators involves the cysteine switch. For 

instance, TIP (IACE inhibitory Qeptide) is a peptide mimicking that T ACE cysteine switch, 

as mentioned above (Roghani et al., 1999). Kolls and co-workers demonstrated that NO 

was an activator of T ACE, and that its mechanism of action involves nitrosation of the thiol 

group in the proTACE cysteine switch. This prevents the latter thiol group from 

coordinating the catalytic Zn2
+ ion, and thus activates proTACE (Zhang et al., 2000). The 

same group determined that PMA activated T ACE through a cysteine switch-dependent 

mechanism (PMA is a known activator of ectodomain shedding.). Reactive species 

generated subsequently to PMA stimulation oxidize the thiol group, thus rendering it 

ineffective and activating proTACE (Zhang et al., 2001a). Interestingly, Doedens and Black 
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recently suggested that T ACE was intemalized in response to PMA stimulation (Doedens 

and Black, 2000), which could represent a downregulation mechanism. 

Finally, Zhang and co-workers also determined that ethanol is a T ACE inhibitor. 

The mechanism of action is unknown apart that it appears to be mostly post-translational as 

little or no effect on T ACE mRNA is observed (Zhang et al., 200 l ). Further studies by the 

same group determined that upon chronic exposure ethanol actually enhanced LPS and 

PMA-induced TNF-a shedding (Zhang et al., 2001b). This appeared to be mediated by 

reactive oxygen species (ROS), as ROS scavengers attenuated this chronic effect of 

ethanol. 
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1.3. Clinical relevance and objectives 

Rheumatoid arthritis is a chronic, autoimmune, multisystemic disease. As suggested 

by its name it is most known for its effects on joints. Inflammatory synovitis, usually 

involving peripheral joints in a symmetric fashion is characteristic. Articular symptoms 

include pain, edema, tendemess, and limitation of motion. Onset of the disease is insidious 

in two-third of patients with systemic prodromal manifestations such as fatigue, generalized 

weakness, and anorexia. In others, the onset can be acute, with constitutional symptoms 

such as fever, lymphadenopathy, and splenomegaly accompanying rapidly developing 

polyarthritis. Extraarticular manifestations also frequently occur. About l % of the 

population is affected by rheumatoid arthritis according to statistics by the Canadian 

Arthritis Society. The prevalence in women is about three times higher than in men. The 

onset of disease occurs between the ages of 25 to 50 in most patients (Klippel, JH and 

Dieppe, PA, 1994 ). 

Characteristic of rheumatoid arthritis is the chronic inflammation of the synovial 

membrane, which is then called the pannus. The synovium is edematous and protrudes into 

the joint cavity. Hypertrophy and hyperplasia of the synovial membrane is observed, with 

some regions behaving as an aggressive and invasive tissue as cells are transformed (Gay et 

al., l 993; Trabandt et al., 1992; Trabandt et al., 1990). Multiple vascular lesions occur 

including microvascular injury, thrombosis, and neovascularization. Vascular permeability 

is increased and cellular infiltration is abundant consisting mostly of CD4+ T cells, which 

are thought to play a key role in the pathogenesis. Plasma cells producing polyclonal 
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antibodies called rheumatoid factor are also present. The synovial fluid bas a more acute 

inflammation pattern and cellular infiltration consists mostly of polymorphonuclear 

neutrophils. 

Articular degradation is mediated by a number of cytokines, chemokines and 

adhesion molecules, although some anti-inflammatory factors such as IL-10 and TGF-/j can 

be detected. In the joint, TNF-a is the most important proinflammatory cytokine and is the 

target of a new class of anti-rheumatismal drugs. TNF-a is produced in large quantities not 

only by mononuclear cells but also by lymphocytes, chondrocytes, fibroblasts and 

endothelial cells (Arend and Dayer, 1995; Brennan et al., 1995). It induces the expression 

of many other factors such as IL-l{j, IL-6, IL-8, TGF-{j, GM-CSF (Feldmann et al., 1996; 

Marinova-Mutafchieva et al., 1997). Moreover, transgenic mice that overexpress TNF-a 

spontaneously developed a rheumatoid arthritis-like disease. Anti-TNF-a therapies have 

been designed using either humanized monoclonal antibodies or 

TNF-R : Fe immunoglobulin fragment fusion proteins. These treatments result in dramatic 

reduction of IL-1, IL-6 and GM-CSF levels as well as clear reduction of inflammation, 

although osteoarticular degradation is not halted. Ali these cytokines induce a number of 

degradative enzymes such as elastase and, as mentioned above, matrix metalloproteases 

(stromelysin, collagenase, etc.) whose actions result in osteoarticular degradation. 

Given the importance of TNF-a in rheumatoid arthritis, it is no doubt necessary to 

study the mechanisms leading to its activation. TNF-a expression is thought to be mostly 

modulated through its transcription rate (Raabe et al., 1998). However its release through 
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cleavage by its converting enzyme, T ACE, could be another modulation mechanism and 

the activation of T ACE itself is therefore an interesting study target. As already mentioned, 

the prodomain of ADAMs is thought to act as an inhibitor of the protease via a cysteine-

switch mechanism. Prodomain removal is therefore likely to be a prerequisite for TACE 

protease activity. Furin is a possible candidate as a TACE convertase because of the 

putative furin recognition site (21 2RVKR) at the junction between the TACE prodomain and 

the catalytic domain (Black et al., 1997; Moss et al., 1997). Furthermore, furin bas been 

proven to cleave a number of other ADAMs including MDC15 (Lumet al., 1998), MDC9 

(Roghani et al., 1999), and the closely related ADAM l O (Anders et al., 200 l; Lopez-Perez 

et al., 2001 ). Moreover, T ACE is known to be cleaved at the furin consensus site in an 

heterologous overexpression system (Amour et al., 1998; Maskos et al., 1998), which 

makes it possible that furin is a T ACE convertase. Metalloproteases are also candidate 

T ACE activating enzymes, as there are precedents of precursors being processed by 

metalloproteases either alone (Sato et al., 1996), or, more interestingly, in concert with 

furin (Rodriguez-Manzaneque et al., 2000; Cal et al., 200 l ). The aim of this study was 

therefore to identify the enzymes responsible for the maturation of T ACE. Our first 

objective was to determine if furin and proprotein convertases were involved in T ACE 

maturation. ln a second time, we wanted to assess the impact of proprotein convertase-

mediated maturation on T ACE activity, as clinical relevance stems from this impact. 

Finally, we sought to determine if other enzymes such as metalloproteases were involved in 

T ACE maturation and, if that were the case, to attempt to identify the clan to which those 

or that metalloprotease belonged. 
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Endopeptidases 

Group of Peptidases 

Carboxypeptidases 
Serine-type carboxypeptidases 
Metallocarboxypeptidases 
Cysteine,.type carboxypeptidases 

Endopeptidases 
Serine endopeptidases 
Cysteine endopeptidases 
Aspartic endopeptidases 
Metalloendopeptidases 
Endopeptidases of unknown catalytic mechaoism 

Table 1. Classification of proteases. 

BC subsection 

3.4.11 

3.4.14 

3.4.16-18 

3.4.15 

3.4.13 

3.4.19 

3.4.21-24 and 99 

EC sub-subclass 

3.4.16 
3.4.17 
3.4.18 

3.4.21 
3.4.22 
3.4.23 
3.4.24 
3.4.99 

A) According to the type of reaction catalysed and B) according to the 

catalytic mechanism. Open circles represent amino acid residues and 

filled circles are the residues comprising the blocks of one, two, or three 

terminal amino acids that are cleaved off by these enzymes. The triangles 

indicate the blocked termini that provide substrates for some of the omega 

peptidases. Adapted from Barrett, 1994, Tables I and III. 
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A 

B 

Name 

Furin,SPC1 
PC2,SPC2 

PC1/PC3, SPC3 
P ACE-4, SPC4 

PC4,SPCS 
PC5/PC6A, SPC6-A 
PC5/PC6B, SPC6-B 

PC7,SPC7 

PC1, PC2 and PC5-A .. 

Tissue distribution 

Ubiquitous, but expressed at variable levels 
N euroendocrine cells 
N euroendocrine cells 
Endocrine and non-endocrine, widespread tissue expression 
Testicular germ cells 
Endocrine and non-endocrine, widespread tissue expression 
Digestive system and adrenal cortex 
Widespread, with higher levels in lymphoid-associated tissues 

Constitutive secretion 

Figure 1. Tissue distribution and subcellular localization 

of the mammalian proprotein convertases. 
A) Table of the tissue distribution of PCs. Common and simplified names 

are indicated. Adapted from Bergeron et al., 2000. B) Schematic 

representation of the subcellular localization of PCs. Small black circles 

represent dense secretory granules. P ACE4 and PC-4 are represented but 

their localization is not determined. From Seidah and Chrétien, 1997. 
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RAKR D H N s RGD Signal peptide 

Furin lil Pro peptide 
107 794 

RKKR D H D s RGD Subtilisin-like 
catalytic demain 

PC2 Homo B demain 
108 637 

RSKR D H N s RGD Cys-rich demain 

PC1/PC3 Transmembrane 
demain 

753 
D H N s RGD 

PACE4A 

149 989 

RVKR D H N s RGD 

PC4 100 ami no acids 

110 654 

RTKR D H N s RGD 

PC5/PC6A 

116 915 

RTKR D H N s RGD 

PC5/PC6B 

RAKR D H N s RGS 

LPC/PC7/ 
PC8/SPC7 

141 785 

D H N s 
Subtilisin 
BPN' 

382 

Figure 2. Structure and homology of the mammalian proprotein convertases. 
Catalytic residues Asp, His, Ser and Asn (or Asp) are represented by single-letter code. The 

percentage of amino acid identity with the furin catalytic and 'P' domain is indicated. Subtilisin 

BPN' is also represented. Adapted from Nakayama, 1997 and Seidah and Chrétien, 1997 

1877 



A 
P6 P4 

Serum proteins • Proalbumin G V 
Pro-factor IX L N • Pro-protein C • s H 
Pro-von Willebrand factor s H • 
Hormones and growth factors 
Pro-~-nerve growth factor T H 1 BMP-4 precursor • R 
Pro-BNP T L 
Pro-parathyroid hormone 1 s V 
Pro-semaphorin D (PCS 1) R 1 Pro-TGF /ll s s 
Cell-surface receptors 

1 lnsulin pro-receptor p s 
Notch 1 receptor G G 
Scatter factor receptor E K 
Vitam in B12 pro-receptor L Q 

'Helper' protein/ chaperone • Pro-7B2 Q R 

Extracellular matrix proteins 
BMP-1 Il s 1 C. elegans rol-6 s N 
C. elegans sqt-1 s K 
Human MT-MMPl N V 
lntegrin a3-chain p Q 
Profibrillin 1 G 

1 Stromelysin-3 N 
Xenopus laevis XMMP 1 
ZPl 1 A 
ZP2 s L 
ZP3a A A 

Bacterlal toxins 
Anthrax toxin PA N s 

1 Clostridium septicum n-toxin • R 
Diphtheria toxin G N 
Proaerolysin 1 V 
Pseudomonas exotoxin A H 
Shiga toxin A s 
Viral coat proteins 
Avian influenza HA (HSNl) • R 
Borna disease virus L K 
Cytomegalovirus gB T H 
Ebola Zaire GP G R 
Epstein-Barr virus gB L R 
HIV-1 gpl 60 V Q 
lnfectious bronchitis virus E2 T R 
Japan B encephalitis M s K 
Measles virus F0 s R 
Respiratory-syncitial virus F • K 
Rous sarcoma virus env G 1 
Yellow fever virus M s G 

P2 Pl I Pl' 

1 F 1 D 
p y 
L D 
s s 

1 s 

1 
s 

A s 
A p s 
K 1 s 
T Q 
H A 

1 K 1 s 
Q E 
K s 
Q s 

K s 

s A 
V Q 
V Q 
R y 
R Q 
K s 
Q F 
R F 
R s 
s E 
R s 

K 1 1 
s 

G s 
V s 
R A s 
Q p G 
V A M 

K G 
R D 
T s 
T E 
R D 
E A 
F s 
s s 
H F 
K F 
R s 
s s 

P2' 

A 
N 
T 
L 

s 
p 
p 
V 
D 
L 

L 
L 
T 
1 

V 

A 
Q 
y 
A 
L 
T 
V 
L 
s 
A 
s 

T 
V 
V 
V 
w 
A 

L 
T 
T 
A 
A 
V 
1 
V 
A 
L 
V 
V 
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B 
Precursors deaved by PCs. 

Convertase Precursors processed 

Furin Growth factors: pro-TGF~ . 
Neurotrophins: pro-NGF, pro-BDNF, pro-NT3 . 

Blood coagulation factors: pro-von Willebrand factor, pro-factor VII 
pro-Factor IX, pro-Factor X. 

Hormones: proPTH (PTH). 
PC2-binding protein: pro782 (782 and CT-peptide). 
lntegrin cx.-chains: a.3, cx6. 
Receptors: insulin-receptor. 
Metalloendopeptidases: stromelysin-3. 
Viral envelope glycoproteins: HIV-gp160, BLV-gp72, RSV-Pr95"", 

NDV-F, influenza haemagglutinin, CMV-gB, SFV-p62. 
Bacterial surface proteins: PA from B. anthracis, Dtphteria toxin. 
Vitellogenins: (Mosquito Aedes aegypt,) 

PC1 Prohormones 
POMC (~·LPH, ACTH) 
Proinsulin (des 31, 32) 
ProTRH (TRH) 
ProENK (Large ENK-containing peptides) 
ProDyn (Dyn 1-17) 
Proglucagon (GLP) 
Prorenin (human renin} 
ProMCH (MCH) 
ProNT (NT and big NN) 
ProCCK (CCK-8) 

PC2 Prohormones 
POMC (a-MSH, l}endorphin) 
Proinsulin (des 64, 65) 
Proglucagon (glucagon) 
ProNT (NT and NN) 
ProENK (Met- and Leu-endkephalin) 
ProLHRH (LHRH) 
ProDyn (Dyn 1-8 and C-peptide) 
ProCCK (CCK-22) 

PC5-A Prohormones: pro-MIS (MIS) 
Receptors: pro-receptor tyrosine phosphatase µ 

Figure 3. Furin and PC substrates. 
A) Substrates of furin. The cleavage site and the 

furin recognition motif for each substrate is 

indicated. Adapted from Molloy et al., 1999. B) 

Comparison of the specificity of some PCs . 

Adapted from Seidah and Chrétien, 1997. 



Tyr-based motif 
,_ Active 
8 Silenced 

Acidlc-cluster motif 
Active 
Sllenced 

ABP-280 blnding slte 

.& Phosphorylaled 
CKII sites 

(4} 

(3) 
PP2A 

TGN 

'1,;\Retrieval 

\ 
CKII ) 

PACS-1 

( AP-1 

AP-2 

( AP-? 

Endosome L ABP-280 

....... Clathrln 

- Aclln 

1----Tautomycin and 
SV40 smaU t antigen 

Early endosome 
(sortinglrecycling) 

lnternalîzation 

PM 

Figure 4. Mechanism of furin intracellular trafficking. 
(1) TGN local cycling loop. Furin that has budded to an endosome is retrieved to the TGN via its 

CKII-phosphorylated acid cluster, which is connected through PACS-1 to the clathrin sorting 

machinery. (2) Cell-surface/endosome local cycling loop. Furin that has reached the cell-surface is 

intemalized through a similar mechanism. (3) Shuttling between the two loops is permitted by acid 

cluster dephosphorylation by PP2A. (4) Furin molecules arriving at the cell-surface can be tethered 

by the cytoskeletal protein ABP-280. Adapted from Molloy et al., 1999. 
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Table 2. Inhibition of protein convertases by peptide and protein inhibitors. 
Adapted from Jean et al., 1998. 

35 



Table 3. Classification of metalloproteases. 
Adapted from Rawlings and Barrett, 1995, Tables 1-V. 
,-------,,, ______ ,_-___ _ 

HEXXH Motif. 

Additional metal ligand: E - Clan MA 

Family M4: Thermolysin 

Family M5: Mycolysin 

Family M13: Neprilysin 

Family Ml: Membrane alanyl aminopeptidase 

Additional metal ligand: H - Clan MB 

Family M12: Astacin 

Astacin subfamily 

Reprolysin or Adamalysin subfamily 

Family MIO: Interstitial collagenase 

Serralysin subfamily 

Matrix metalloprotease subfamily 

Family Ml 1: Autolysin 

Family M7: Streptomyces small neutral protease 

Other HEXXH families 

Known metal ligands other than HEXXH 

Unknown metal ligands 
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A 
Prodomain Disintegrin domain EGF-like repeats 

Signal peptide Metalloprotease Cys-rich region 

Class N-111 SVMPs 

212RVKR 

B 
Metalloprotease 

Prodomain domain 

Transmembrane domal 1 
Cytosolic domai 

TSP1-like 

ADAMs 
(TACE) 

ADAM-TS12 
Signal 
peptide 

Disintegrin-like Spacer-1 
domain 

Spacer-2 

Figure 5. Structure of the adamalysin family members. 
A) Comparison of the structure of ADAMs and three-domain SVMPs (class N-III SVMPs). 

Adapted from Killar et al., 1999. B) Structure oftwo members of a novel group of ADAMs that 

also contain thrombospondin (TSP)-like motifs. From Cal et al., 2001. 

ADAM-TS1 



Table 4. ADAM proteases and their potential roles. 
Shading indicates an intact HEXGHXXGXXHD zinc binding motif. Adapted from Killar et al., 

1999, Tables 1 and 2. 

ADAM2 Fertilin (3, PH-30 (3 
ADAM3 C itestin, tMDC I 
ADAM4 tMDCV 
ADAMS tMDC II 
ADAM6 tMDCIV 
ADAM7 EAPI 
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2. Experimental procedures 

2.1. Cell culture 

Adherent LoVo cells (human colon adenocarcinoma, from ATCC, Rockville, Md, 

USA) were maintained in monolayer culture with F-12 nutrient mixture (Ham's medium, 

GibCo BRL, Burlington, On) containing 10% FBS (Bio Media, Drummondville, Qc). 

HT l 080 ce lis (human fibrosarcoma, from A TCC) were cultured in minimum essential 

medium (GibCo BRL) with 10% FBS. Human 293A kidney cells were grown in 

Dulbecco's Modified Eagle Medium (DMEM, Gibco BRL) with 5% FBS. Rat synovial 

cells were cultured in Dulbecco's Modified Essential Medium and 10% FBS. Jurkat cells 

(human acute T cell leukemia from A TCC) were cultured in RPMI medium 1640 with 10% 

FBS. THP-1 cells (human acute monocytic leukemia from A TCC) were maintained in 

RPMI medium 1640 with l 0% FBS, 2.5 g/L D-glucose, l mM sodium pyruvate, 2mM L-

glutamine (GibCo BRL), 10 µM ~-mercaptoethanol, and l % penicillin-streptomycin 

solution (Sigma, Oakville, On). MonoMac-1 cells (human acute monocytic leukemia from 

DSMZ, Braunschweig, Germany) were cultured in RPMI 1640 medium (GibCo BRL) with 

5% FBS, l mM sodium pyruvate and 100 µM non-essential amino-acids (GibCo BRL). Ali 

media contained 40 µglmL garamycin (Schering Canada, Pointe-Claire, QC) and cells were 

maintained at 37°C and 5% CO2. 
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2.2. Type B synovial cells primary culture 

lnfrapatellar fat pads covering the synovial membranes from Lewis female rats 

(Harlan Sprague Dawley, Indianopolis, ln, USA) weighing about 100 to 124 g were 

collected and washed with PBS ( 140 mM NaCI, 2.68 mM KCI, 8.1 mM Na2HPO-i, 

1.47 mM KH2PO4, pH 7.4) containing 1% penicillin-streptomycin solution for 20 minutes. 

They were then eut into small pieces and digested with PBS containing 1 % penicillin-

streptomycin solution and 2 µg/m.L collagenase type IV (Sigma). Following centrifugation 

at 172g for 10 minutes, the pellets were resuspended in DMEM/F 12 medium containing 

20% FBS, 2mM L-glutamine, 40 µg/m.L garamycin and l % penicillin-streptomycin 

solution. After two weeks of culture, FBS concentration was adjusted to 10%. 

2.3. Cell transfectants 

LoVo cells transfected with furin were a kind gift of Dr. N. Kitamura (lnstitute for 

Liver Research, Kansai Medical University, Osaka, Japan). LoVo cells were stably 

transfected with pCMVFur (generously provided by Gary Thomas, University of Oregon, 

Portland, USA), a vector encoding for the wild type furin protein, or with the control vector 

pRC/CMV. One control clone (LoVo Neo) and two clones transfected with furin (LoVo 

Furl and LoVo Fur2) were obtained (Komada et al., 1993). These cells were maintained in 

the same Ham F-12 medium supplemented with 10% FBS as parental LoVo cells but with 

600 µg/m.L ofGeneticin (G-418, GibCo BRL) added as a selecting agent. 
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The A T-PDX gene, kindly provided by Gary Thomas (University of Oregon, 

Portland, USA), was inserted into the EcoRI/ Apal cloning site of a pcDNA3 plasmid vector 

containing a Geneticin resistance cassette. This plasmid or the empty control vector were 

transfected into HT l 080 cells. One control clone (HT 1080 Neo) and one clone out of 9 

expressing the highest level of AT-PDX, as detennined by Western blotting, were retained. 

The usual culture medium ofthese cells, i.e. Eagle's minimum essential medium with 10 % 

FBS, were thereafter supplemented with the selecting agent Geneticin used at a 

concentration of 600 µg/mL. 

2.4. Western Blots 

Lo Vo Neo and Lo Vo Fur2 ce lis (2 x 106
) were seeded onto 60 mm petri dishes in 

culture medium containing only l % FBS and treated with 100 µM dec-RVKR-cmk 

(Bachem, Torrance, CA, USA), or varying concentrations of metalloprotease inhibitors 

such as phosphoramidon, thiorphan (both from Sigma) or 88-3 l 03 (British Biotech, 

Oxford, United Kingdom). For experiments not involving inhibitors, 2.5 x 106 cells were 

seeded onto l O cm petri dishes in their normal culture medium containing l 0% FBS. After 

24 hours of incubation, 40 µL of lysis buffer containing 150 mM NaCl, 50 mM Tris-HCI, 

pH 7.5, 1% Nonidet P40 (Roche, Laval, Qc), 0.5% sodium deoxycholate, 0.1% SOS, 5mM 

EDTA, and a proteinase inhibitor cocktail (Roche), was put in the petri dish for adherent 

cells, and cells were then scraped and collected in an eppendorf tube. Cells grown in 

suspension (Monomac-1, THP-1 and Jurkat) were centrifuged, washed with PBS and 

solubilized in the lysis buffer. Ail tubes were thereafter sonicated and centrifuged at 15,800 
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rcf for l O minutes. The protein content of the supematants was determined by a 

colorimetric assay (BCA TM proteins assay kit from Pierce, Rockford, IL, USA) according to 

the supplier' s protocol, after samples were diluted l: l O. The assay was performed in a 96-

well plate and read at 550 nm with the BIO-RAD Model 3550 automated plate reader 

(BIO-RAD, Mississauga, On) following the supplier's recommendations. Protein 

concentration was then determined with the Microplate Manager® software supplied with 

the plate reader. Forty µg ofprotein were then diluted to a volume of 30 µLand mixed with 

the same amount of loading buffer 2X (0.5M Tris-HCI at pH 6.8, l 0% SOS, 20% glycerol, 

0.5% bromophenol blue). These preparations were then boiled for 5 min and subjected to 

polyacrylamide gel electrophoresis under denaturing and reducing conditions. The stacking 

gel contained 4% acrylamide at pH 6.8 white the separating gel contained 12.5% 

acrylamide at pH 8.8 with a ratio of acrylamide:bis-acrylamide (both from Sigma) of 

3 7 .5: l. Electrophoresis was then carried out at 150 volts during 5 hours using the 

"PROTEAN® Il xi Cell" from BIO-RAD or at 120 volts for 90 minutes using the "Mini-

Protean® Il Cell" for smaller gels. The migration buffer contained l % SOS, 25 mM Tris-

base, 0.25 M glycine. After migration, the proteins were electrically transferred on a PVDF 

membrane (Roche Diagnostics, Laval, Qc) at 500 mA during 90 minutes in a transfer buffer 

containing 25 mM Tris-base, 0,2 M glycine and 20% v/v methanol. After transfer, 

membranes were blocked for 30-60 minutes in TBS ( 13 7 mM NaCI, 25 mM Tris-base, pH 

7.5) with 5% milk powder (CARNATION® from Nestlé, Don Mills, On) with gentle 

agitation. The membranes were then hybridized ovemight on a rotor with a rabbit anti-

T ACE polyclonal antibody (Chemicon) at a dilution of l: 1000 in the same milk solution. 
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The next moming, membranes were washed three times during 10 minutes with TBS 

containing 0.05% Tween-20® (BIO-RAD). The membranes were then probed with a 

secondary anti-rabbit antibody conjugated to horseradish peroxidase (Amersham, Baie 

d'Urfé, Qc) for 3 hours at room temperature with gentle agitation. After washing again as 

described above, development was carried out using ECL® Western blotting detection 

reagent (Amersham). 

2.5. Adenoviral vector construction and cell infection 

A modified adenovirus type 5 vector was used for a1 AT-PDX production. 

Adenoviral construction was done according to the method described by Bouchard, 1999. 

First, an insert containing a1 AT-PDX cDNA was obtained by Notl/Sall excision of the 

pBluescript KS(+)/PDX plasmid kindly provided by Jeff Lipps (Hedral Therapeutics, 

Portland, OR, USA). This insert was cloned into the multiple cloning site of the shuttle 

vector pAdTR5-DC-GFP also digested NotUSall to obtain pAdTR5-DC-GFP-PDX. This 

vector contains 7 TetO operative sequences that do not increase the basal transcription 

levels but permit an important induction of transcription upon transactivator binding 

(Gossen and Bujard, 1992). The transactivator (tTA) was made up of the Escherichia co/i 

tet repressor (TetR) and the HSV virus VPl6 protein activation domain. The VP16 domain 

activates gene transcription after the TetR repressor binds a TetO operative sequence 

(Gossen and Bujard, 1992). This system can be regulated by tetracycline or its analogs, 

such as doxycycline. Binding of doxycycline or tetracycline to TetR brings forward 
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conformational changes, rendering the transactivator unable to bind the TetO operative 

sequences (Hinrichs et al., 1994 ). 

El and E3 deleted adenovirus (Ad/L\ElL\E3) was obtained according to standard 

techniques (Jean et al., 1995b ). This virus was digested with Clal and co-transfected with 

Fsel-digested pAdTR5-DC-GFP-PDX into 293A human kidney cells. These cells produce 

the ElA and ElB protein needed for viral replication (Oualikene et al., 2000). Thus 

homologous recombination resulted in the production of the recombinant virus AdTr5PDX 

which was purified and amplified as described by Jani et al., 1997. 

Synovial cells (2.5 x I06
) isolated from disease-free rats were infected with control 

AdTr5GFP or with AdTr5PDX (both at a MOI of 250) and with or without transactivator 

vector AdCMVtT A (at a MOI of 50) for 40 hours. This infection was done in the presence 

of recombinant murine TNF-a used at a concentration of 100 ng/mL and/or doxycycline 

(lµg/mL). Cell lysates were prepared as described above, except that 0.5 µM of the 

hydroxamate-based metalloprotease inhibitor BB-3103 was added to the lysis buffer. 

Hydroxamate-based inhibitors are wide-spectrum ADAM and matrix metalloproteinase 

inhibitors that work by chelating the catalytic zinc ion. 

2.6. TNF-a secretion 

MonoMac-1 and THP-1 ce Ils ( 1 x 106 ce lis in 2 mL of their usual culture medium) 

were preincubated for 22 hours with varying concentrations of dec-RVKR-cmk in 10 cm 

petri dishes. Theo, 500 ng/mL of E. co/i LPS 0127:88 (Sigma) and 100 ng/mL PMA 
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(Sigma) were added. After 3 hours, cells and supematants were harvested and lysates were 

prepared as described above. An ELISA assay (Quantikine® from R&D System, 

Minneapolis, MN, USA) was used to measure supematant and cell-associated TNF-a 

concentrations (lysates were diluted 8-fold in RD5F assay diluent). 

2.7. TNFR p75 shedding 

LoVo Neo and LoVo Fur2 cells (2 x 106
) were seeded onto 60 mm petri dishes in 

culture medium containing 1% FBS and treated with 100 µM dec-RVKR-cmk. After 24 

hours of incubation, cells were harvested by incubation with a saline solution containing 

3 mM EDTA (8 g/L NaCl, 0.2 g/L KCI, 1.15 g/L Na2HPO4, 0.2 g/L KH2PO4, and 3 mM 

disodium EDT A). Culture medium supplemented with l 0% FBS was then added and 

centrifugation at 1,000 rcf was carried out. The cell pellet was then solubilized in l ml 

PBS containing 2% paraformaldehyde (Polysciences, Warrington, PA, USA) and kept at 

4°C for 30 minutes. Following a 4: l split, l mL of PBS was added and centrifugation at 

5,900 rcf was carried out. The pellet was solubilized in 100 µL of a PBS solution 

containing 0.1 % BSA (Sigma) and either R-phycoerythrin-conjugated anti-TNFR-ll 

antibody diluted 5 : 100 (Caltag Laboratories, Burlingame, CA, USA), R-phycoerythrin-

conjugated anti-lgM diluted l: 1000 (Jackson lmmunoResearch, West Grove, PA, USA), 

rabbit anti-TACE antibody diluted l: l 00 (Chemicon) with 0.1 % saponin, or 0.1 % saponin 

alone. After rotating for l hour at 4°C in the dark, samples were washed with l mL PBS 

and centrifuged again at 5,900 rcf. Samples incubated with a conjugated antibody were 

resuspended in 250 µL PBS white the other samples were incubated with a secondary 
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antibody, fluorescein-conjugated anti-rabbit IgG (Jackson ImmunoResearch) diluted 

l : l 000 in a PBS solution containing 0.1 % BSA and 0.1 % saponin for 30 minutes, washed 

and resuspended in PBS. The F ACScan flow cytometer (Becton Dickinson, Sa.11 Jose, CA), 

suited with an Argon-Ion laser ( excitation at 488 nm) was used for reading. Acquisition 

consisted of 5,000 events. Results were analyzed using the CellQuestTM software (Becton 

Dickinson). 

2.8. ln vitro cleavage assays 

In vitro cleavage assays were performed as described in Denault et al., 2000. 

Briefly, several recombinant C-terminally truncated proprotein convertases (furin, PC2, 

PC7) were transfected into Schneider 2 insect cells. These cells were tested for PC 

expression and adapted for serum-free IPL-4 l medium before large-scale culture was 

initiated. The secreted PCs were harvested after 6-8 days of culture or when cell 

concentrations reached 30x l 06 cells/mL. Purification was conducted following a three-step 

scheme. The first step involved precipitation with ammonium sulfate, which concentrates 

the original volume up to 5 times and removes media elements that could interfere with 

subsequent steps. The second step was gel filtration with a HR Sephacryl S- l 00 26/60 gel 

filtration column (Amersham) after centrifugation, filtering and concentration with a 

Centricon Plus-80 concentrator (Millipore). Fractions of 2.5 mL were collected and 

fractions with enzymatic activity, as measured using the boc-RVRR-MCA substrate 

(Denault et al., 2000), were pooled and purified by FPLC using a MonoQ 5/5 anion 

exchange column (Amersham). This purification scheme typically yielded an enzyme 
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purity superior or equal to 80%, as estimated by Western blotting, Coomassie blue staining 

and densitometry analysis of the bands. Enzyme concentrations were determined by the 

Bradford colorimetric assay, with y-globulin as standard protein. The assumption that ail 

enzyme molecules were active was made. The obtained values were correlated by titration 

with AT-PDX, as described in Jean et al., 1998. The obtained recombinant PCs (5 U, a unit 

being the amount of enzyme that can release I pmol of aminomethylcoumarin from the boc 

RVRR-aminomethylcoumarin substrate, as defined in Dubois et al., 1995b) were then 

incubated with a short peptide (VHRVKRRADPDP) mimicking the cleavage site between 

the human T ACE prodomain and the catalytic domain for 4 hours or ovemight in a buffer 

containing 100 mM Hepes, pH 7.5, I mM CaCh, I mM, and /3-mercaptoethanol. Digestion 

products were analysed by HPLC. 
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3. Results 

3.1. Role of furin in the processing of TACE 

Before assessing the involvement of processing enzymes in the maturation of 

T ACE, we sought to determine the proportion of unprocessed pro-T ACE and mature T ACE 

in various cells types. The cell Iines used include THP-1 and MonoMac-1 (monocytic), 

Jurkat (lymphoid) and rat synoviocytes, which are relevant to the pathogenesis of 

rheumatoid arthritis. The HTl080 line, derived from a human fibrosarcoma, was also used. 

After a 24-hour incubation, the cells were lysed and subjected to SDS/P AGE analysis. 

Blotting was performed with an anti-T ACE antibody directed against the cytoplasmic 

domain, so the precursor and the mature forms of T ACE would be detected. As 

demonstrated in Figure 6A, C, and D, T ACE is predominantly present in its mature form in 

most wild-type cell lines. ln fact, the unprocessed form is not detectable in these cell lines, 

except for THP-1 on overexposed films (data not shown). This suggests that TACE as 

completely processed in physiological conditions. 

To investigate the role of furin in TACE maturation, we resorted to the LoVo cell 

line. Lo Vo cells are human adenocarcinoma cells known to be deficient in furin. Both 

alleles of the fur gene in these cells carry a point mutation leading to the production of a 

defective enzyme (Takahashi et al., 1993 ). Stable transfectants were produced using a 

plasmid encoding the fur gene (LoVo Furl, LoVo Fur2) or control vector (LoVo Neo) as 

described under "Experimental Procedures" and in Komada et al., 1993. The results 
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indicated that both the mature and pro-T ACE forms could be detected in roughly equivalent 

amounts in lysates prepared from furin-deficient LoVo Neo cells (Figure 6B). In addition, 

the pro-T ACE band was greatly diminished in cell lysates from the Lo Vo Fur I clone and 

completely disappeared in Lo Vo Fur2. Thus transfection of the fur gene restored the normal 

processing pattern observed in furin-positive cell lines, indicating that furin was responsible 

for the discrepancy between LoVo and other wild-type cells. Our results provide the first 

evidence that furin is involved in the processing of T ACE. The fact that a mature T ACE 

form was still present in furin-deficient LoVo Neo cells also suggests that furin is not the 

only enzyme involved in this process. 

To provide further evidence for the rote of furin in T ACE maturation, we sought to 

verify the impact of furin inhibition in furin-positive cell lines. To this end, two 

experimental models were used. First, stable transfectants (HT1080 PDX) were produced 

from human fibrosarcoma HT 1080 cells with a pcDNA3 vector encoding A T-PDX, a 

potent furin inhibitor (Jean et al., 1998). As a control, empty-vector transfected cells 

(HT1080 Neo) were also produced. As expected, AT-PDX transfection resulted in the 

reappearance of the pro-T ACE band, which was absent in control HT l 080 Neo ce lis. 

Secondly, rat synoviocytes, cells relevant to rheumatoid arthritis, were used. A viral gene 

delivery system was chosen to introduce AT-PDX into these cells, because of low 

transfection rates and difficulty in producing stable transfectants with primary synovial cell 

cultures. More specifically, a tetracycline-regulatable recombinant adenovirus (AdTr5PDX) 

was used, as previously described by Bouchard, l 999. In this system, a transactivator 

(tT A), transferred through adenovirus AdCMVtT A, permits the transcription of the 
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recombinant proteins. Tetracycline or its analog, doxycycline, induce conformational 

changes in the transactivator, rendering it unable to induce transcription. As illustrated in 

Figure 6, panel D, lane 3, we observed an accumulation of the pro-T ACE form in 

synoviocytes co-infected with the adenoviral vector encoding for A T-PDX and with 

AdCMVtT A, while this does not occur in wild-type synoviocytes (lane 1 ). ln contrast, 

when control vector AdTr5GFP is used (lane 2), this effect is not observed, indicating 

specificity to the A T-PDX inhibitor. ln addition, when the tT A blocker doxycycline 

(l µg/mL) is added to the culture medium (lane 4), only the mature form of TACE is 

present. The results obtained from both systems suggest that a proportion of the 

endogenous T ACE converting activity found in cells is related to the furin protease. 

Because complete inhibition of proTACE processing could not be achieved by AT-PDX or 

in furin-deficient Lo Vo Neo ce lis, our results also confirmed that other enzymes, present in 

cells and not inhibited by the A T-PDX serpin, participate in this process. 
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Figure 6. Maturation of TACE by furin. 
A) Jurkat and THP-1 cells were lysed and subject to Western blotting with a rabbit polyclonal anti-TACE 

antibody used at a dilution of 1: 1000. Furin-deficient Lo Vo Neo cell lysates are used as a contrai. B) Cell 

lysates from furin-deficient LoVo cells transfected with either an empty vector (Neo) or the.fùr gene (Furl, 

Fur2). C) Lysates from HT1080 cells transfected with either an empty vector (Neo) or AT-PDX (PDX). D) 

Primary cultures ofrat synovial cells were infected for 40 hours with AdTr5PDX, AdTr5GFP, or AdCMVtTa 

at the indicated MOis. The infection was carried out in the presence of doxycycline (1 µg/mL); lane 4. 

W estem blotting was then performed as described above. 
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3.2. Role of proprotein convertases other than furin in TACE maturation 

Since the TACE processing site (RVKR..L.) could also be recognized by other members of 

the PC family, it is possible that proprotein convertases other than furin also participate in 

the TACE maturation process. To assess this possibility, we used dec-RVKR-cmk, a 

synthetic peptide that mimics the proprotein recognition site, and that bas been 

demonstrated to inhibit the enzymatic activity of most proprotein convertases, including 

furin, PC6B, PC3, PC2, PACE-4 and PC7 (Table 2). LoVo Neo and LoVo Fur2 cells were 

incubated for 24 hours with several concentrations of that PC inhibitor, and cell lysates 

were assessed for T ACE maturation as described above. The addition of dec-RVKR-cmk to 

LoVo Neo cells resulted in a concentration-dependent inhibition ofTACE maturation, with 

maximal effect observed at 100 µM dec-RVKR-cmk. As illustrated in Figure 78, this 

inhibition is statistically significant at p<0.0 l. Similar but more dramatic results were 

obtained in LoVo Fur2 cells, given that TACE maturation is complete in untreated LoVo 

Fur2 cells. No additional effect was observed when using a concentration of 200 µM in 

either LoVo Neo or Fur-2 cells (data not shown). These results suggests that proprotein 

convertases other than furin are involved in the processing of T ACE. However, since we 

were unable to completely inhibit T ACE maturation, as a proportion of mature T ACE band 

was still detected when using optimal concentrations of dec-RVKR-cmk, we also 

concluded that enzymes other than proprotein convertases play a rote in T ACE maturation. 
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Figure 7. Maturation of TACE by proprotein convertases other than furin. 
A) LoVo Neo and LoVo Fur2 cells were incubated for 24 hours with various concentrations of 

dec-RVKR-cmk, lysed and subjected to Western blot analysis as described under Experimental 

procedures. B) The relative densities of the proTACE and TACE bands from LoVo Neo cells 

treated or not with dec-RVKR-cmk (100 µM) were determined using NIH Image software from 

the USA National Institutes ofHealth. The paired t-test was used for statistical analysis. n=4. 
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3.3. ln vitro cleavage of TACE-mimicking peptide by proprotein convertases 

To detennine if proprotein convertases cleave TACE directly or act through an 

intermediate, we resorted to an in vitro cleavage assays. An oligopeptide that encompasses 

the T ACE cleavage site (VHRVKR-l-RADPDP) was synthesized and incubated with 

purified recombinant proprotein convertases. The resulting T ACE fragments were 

identified by HPLC. As demonstrated in Figure 8, the analysis of the control unprocessed 

T ACE peptide revealed a retention time of about 29 minute. When the T ACE peptide was 

incubated with 5 U of furin for 4 hours, the unprocessed peptide peak was diminished while 

two peaks, corresponding to cleavage fragments of the original peptide, appeared at 

retention times of about 16 and 22 minutes. This indicates that furin is able to cleave the 

T ACE-mimicking peptide and presumably T ACE itself. Moreover, when incubation was 

conducted ovemight, the 29-minute peak disappeared, indicating that all of the original 

peptide had been processed. A similar pattern was observed when PC2 (5 U) was used 

instead of furin, both with the 4 hour-incubation and the ovemight incubation time. In 

contrast, PC7 (5 U) was unable to process the T ACE-mimicking peptide even after 

ovemight incubation (Figure 8). Thus, furin and PC2 are both able to cleave T ACE, which 

supports the previous conclusion that not only furin but other proprotein convertases as 

well are involved in the cleavage of T ACE. These results also suggest that not all 

proprotein convertases are involved in T ACE processing, since PC7 was unable to cleave 

the T ACE peptide in the experimental conditions used. 
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Figure 8. In vitro maturation of TACE-mimicking peptide by PCs. 
An oligopeptide, VHRVKRRADPDP, mimicking the TACE prodomain-catalytic domainjunction 

was incubated for 4 hours or ovemight with 5 U of recombinant purified proprotein convertases 

furin, PC2, or PC7. Represented are the results ofHPLC analysis. The two top panels represent the 

analysis of a blank control (left) or the TACE-mimicking peptide incubated without PCs (right). 
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3.4. Impact of the inhibition of TACE maturation by a proprotein convertase 

blocker on TACE activity: TNFR p75 cell-surface expression 

The T ACE pro-domain is known, as that of other ADAMs and many metzincin 

metalloproteases, to be inhibitory to their catalytic activity. ln this context, the inhibition of 

T ACE maturation should result in a lower ratio of mature to immature T ACE, leading to a 

reduction in its activity. One model used to test this hypothesis is the shedding of the p75 

TNFR. This receptor is shed subsequently to cleavage by T ACE, and this fact is used in 

measures of T ACE activity (Reddy et al., 2000). Therefore, to define if furin-induced 

TACE maturation affects TACE activity, LoVo Neo and LoVo Fur2 cells were compared 

for cell-surface TNFR p75 expression using flow cytometry. TACE expression was also 

measured as a control of protein expression levels. For this, we used an antibody directed 

against the T ACE cytoplasmic tait, so both cell-surface and cytoplasmic forms of T ACE 

were detected. Higher levels of TNFR p75 were observed in LoVo Neo cells compared to 

LoVo Fur2 cells (Figure 9A, top panels), which could reflect lower shedding rates in the 

former, correlating with lower mature T ACE levels than in the latter. In contrast, no 

discrepancy was observed in overall TACE expression between LoVo Neo and LoVo Fur2 

cells (Figure 9A, bottom panel). Therefore T ACE expression is not affected by its 

maturation state. Similar results have also been also observed in MonoMac- l and THP- l 

cell lines (data not shown) with dec-RVKR-cmk-induced inhibition of TACE maturation. 

Taken together, our results also indicate that furin activity increases TNFR p75 shedding. 

Therefore removal of the TACE prodomain by furin increases its activity, as postulated. 
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To ensure that the discrepancy observed in TNFR p75 cell-surface expression 

between LoVo Neo and LoVo Fur2 cells was not due to a difference in the levels ofTACE 

expression between clones, LoVo Fur-2 cells were incubated with 100 µM of dec-RVK.R-

cmk for 24 hours, and samples were processed for T ACE immunoblotting. As predicted, 

inhibition of proprotein convertases by dec-RVKR-cmk led to higher levels of TNFR p75 

cell-surface expression (Figure 98), which correlates with lower levels of T ACE 

maturation in these conditions. 
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Figure 9. Impact of the inhibition of TACE maturation by a proprotein 

convertase blocker on p75 TNFR cell-surface expression. 
A) LoVo Neo (left) and LoVo Fur2 (right) cells were subcultured for 24 hours, then harvested and 

stained for flow cytometry with control antibody (shaded), anti-TNFR p75 (unshaded, top panels) 

or anti-TACE (unshaded, bottom panels) antibodies. A representative experiment out of two is 

illustrated. B) LoVo Fur2 cells were treated with 100 µM dec-RVKR-cmk (right) or not (left) for 

24 hours, then harvested and stained for flow cytometry using anti-TNFR p 7 5 antibody. Indicated 

in the top right corner of each panel is the percentage of cells positive for TNFR p75 or TACE. 
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3.5. Impact of inhibition of TACE maturation by a proprotein convertase 

blocker on TACE activity: TNF-a shedding 

We next sought to test the impact of proprotein convertase-mediated inhibition of 

TACE maturation in another model, TNF-a shedding. This was the activity that T ACE was 

initially discovered and named for. Moreover, TNF-a is an important mediator in the 

patbophysiology of rheumatoid arthritis (Arend and Dayer, 1995; Brennan et al., 1995). 

which renders TNF-a shedding an especially interesting model to study. For this, we relied 

on THP-1 and MonoMac-1 cells that, being of monocytic lineage, are relevant to 

inflammation studies. These cells were incubated with different concentrations of 

dec-RVKR-cmk for 22 hours, and then TNF-a production was stimulated by adding LPS 

and PMA to the culture medium. Three hours later, cells and supematants were collected 

and analyzed for TNF-a levels using an ELISA assay. As illustrated in Figure IOA, a 

decrease in TNF-a release in the medium is observed together with increasing 

concentrations of proprotein convertase inhibitor dec-RVKR-cmk. This also is compatible 

with furin and proprotein convertase-mediated T ACE maturation. 

Non-specific phenomena resulting in artefactual modulation of supematant TNF-a 

content could occur using inhibitory drugs. An example of this would be a change in 

overall protein synthesis due to the cytotoxicity of the inhibitor. One way to control for 

such phenomena is to measure the TNF-a shedding rate as currently defined by ratios of 

supematant to cell-associated TNF-a. The results illustrated in Figure 10B indicate that 

increasing doses of dec-RVKR-cmk resulted in a graduai decrease in supematant to cell-
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associated TNF-a ratio. This translates into a decrease of the TNF-a shedding rate by the 

proprotein convertase inhibitor dec-RVKR-cmk, which correlates well with the previously 

demonstrated inhibition of T ACE maturation by that compound. These results therefore 

support the previous one that exposed the impact of furin and other proprotein convertase-

mediated TACE maturation on TACE activity. 
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Figure 10. Inhibition of TNF-a shedding by inhibition of proprotein 

convertase-mediated TACE maturation. 
THP-1 (left) and MonoMac-1 (right) cells were incubated for 22 hours with the indicated 

concentration of dec-RVKR-cmk. Then LPS (500 ng/mL) and PMA (100 ng/mL) were added to 

the culture medium. Three hours later, supematants were harvested and cells were lysed. TNF-a 

was assayed by ELISA in both supematants and cell lysates. A) TNF-a content in supematants 

relative to control (untreated with dec-RVKR-cmk). Multiple comparison tests were conducted 

using analysis of variance. Dunnett's test at the 0.05 significance level was used for follow-up one-

to-one comparisons. n=3-4. B) Supematant to cell-associated TNF-a content ratio relative to 

control. Comparisons were made using the t-test. n=2. *: p<0.05. 
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3.6. Role of metalloproteases in the processing of TACE 

Since complete inhibition of T ACE was not attained even when using optimal 

concentrations of dec-RVKR-cmk, we had concluded that enzymes other than proprotein 

convertases played a role in T ACE maturation. To assess the role of metalloproteases in 

TACE maturation, we incubated LoVo Neo and LoVo Fur2 cells with metalloprotease 

inhibitors for 24 hours. Two of these, phosphoramidon and thiorphan are clan MA 

inhibitors, white another one, BB-3103, is part of the hydroxamate-based inhibitors family, 

which act mostly through a zinc-binding group that chelates the catalytic zinc atom. 

However this class of inhibitors bas been mostly developed and designed for matrix 

metalloproteases from family M 10 of clan MB (Whittaker and Ayscough, 2001 ). As 

illustrated in Figure I I, BB-3103, used at optimal concentration (Seandel et al., 2001 ), 

caused a small decrease in TACE maturation in LoVo Neo cells as revealed by a 37% 

increase in ProT ACE/T ACE density ratio. ln contrast, phosphoramidon and thiorphan 

caused a higher increase in the proTACE/T ACE density ratio with 293% for thiorphan, and 

250% for phosphoramidon. No effect of any inhibitor was observed in LoVo Fur2 cells, 

which is expected given the saturation of T ACE maturation in these ce lis by overexpressed 

furin. These results suggest that metalloproteases of clan MA are among enzymes involved 

in T ACE maturation. They also suggest that matrix metalloproteases do not play a major 

rote in TACE maturation, since a higher inhibition by BB-3103 would have then been 

expected. 
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A) LoVo Neo cells were treated with the indicated substances for 24 hours, lysed and subjected to 

anti-TACE Western blotting as above. Water is the vehicle forphosphoramidon. Representative of 

two distinct experiments for BB-3101 B) Densitometry analysis of the proTACE to TACE band 

ratio with NIH Image software. Results are expressed as a percentage of control ( cells treated with 

vehicle only). For BB-3101, n=2. 
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4. Discussion 

Most matrix metalloproteases and ADAMs are synthesized in a latent form 

consisting of an intramolecular complex between the unpaired cysteine residue of the 

cysteine switch of the prodomain and the zinc atom in the catalytic domain. A common 

requisite for activation of matrix metalloproteases is a proteolytic event that removes the 

prodomain (Rawlings and Barrett, 1995). lt is known that many ADAMs contain a putative 

furin recognition sequence (R-X-X-R.J..) between the prodomain and the mature enzyme 

(Killar et al., 1999). There are at least two reports of members of the ADAM family being 

processed by furin. ln 1998, Blobel and co-workers determined that MDC 15 processing 

occurred in the secretory pathway in or close to the trans-Golgi network, which is 

compatible with furin processing. They also demonstrated that recombinant furin was able 

to process immature murine MDC15. This in vitro processing experiment produced an 

MDC 15 closely resembling in vivo processed MDC 15 (Lum et al., 1998; Lum et al., 1999). 

Similar strategies were employed in proving proprotein convertase processing of murine 

MDC9 (Roghani et al., 1999). ln contrast, little supportive evidence was provided for the 

role of proprotein convertases in T ACE processing. In 1998, Clarke et al. expressed human 

proTACE in S. cerevisiae and observed that in this heterologous system, the T ACE peptide 

was correctly processed at the furin cleavage site 212RVKR, most probably due to yeast 

kexin. Furthennore, preliminary results indicate that the proprotein convertase inhibitor 

AEBSF blocked T ACE maturation (Schlondorff et al., 2000). To further test the possibility 

that TACE is processed by PCs, we used several in vivo systems. Fortunately, TACE 
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endogenous levels were high enough to be detected by Western blotting in ail cell lines 

tested and systems permitting comparison between furin-deficient and furin-proficient 

conditions ( furin-deficient Lo Vo cells, A T-PDX) were readily available in the laboratory. 

SDS/P AGE analysis revealed a marked discrepancy between furin-deficient, empty-vector 

transfected LoVo Neo cells, and LoVo Furl and LoVo Fur2, stably transfected with a furin-

encoding vector. Both mature and immature forms of T ACE were detected in Lo Vo Neo 

lysates, while the immature form was only weakly detected in Lo Vo Fur l lysates and was 

completely absent in LoVo Fur2 lysates (Figure 6). This suggested the involvement of furin 

in T ACE processing. Furthermore, other models confirmed that hypothesis. For instance 

HTI080 cells transfected with the specific furin inhibitor AT-PDX accumulated, in part, the 

precursor species, while only the mature band was detected in the control. Similar results 

were obtained when rat synoviocytes were subjected to inhibition by A T-PDX. The viral 

vector used in that last experiment avoided the issue of clonai artefacts, which was 

problematic with the stable transfection technique used in the previous two experiments. 

Therefore, using both furin-deficient cells and furin inhibition cell systems, we proved that 

furin was involved, in cell systems, in the maturation of T ACE. 

If furin were the only T ACE convertase expressed, a complete lack of maturation 

would have been expected in furin-deficient conditions, resulting in the accumulation of 

only the precursor band. In contrast and as illustrated in Figure 6, a two-band profile was 

repetitively observed. This suggests that enzymes other than furin are involved in this 

process. Redundancy between proprotein convertases is well known and a recent example 

of this redundancy is the ability of furin, PC5, and PC7 to cleave with similar efficacy a 
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peptide containing the processing site of an Ebola virus surface glycoprotein (Basak et al., 

2001). As well, proIGF-lR can be processed by furin and PC5A, but not by PACE-4 or 

PC7 (Khatib et al., 200 l ). It is therefore likely that PC family members other than furin are 

involved in the processing of TACE. The extent of involvement of other proprotein 

convertases was assessed using dec-RVKR-cmk, a large spectrum PC inhibitor. 

Interestingly, dose-dependent inhibition of T ACE maturation was observed not ont y in 

furin-proficient cells but also in furin-deficient LoVo Neo cells (Figure 7). Under these 

conditions, inhibition of maturation must be through inhibition of proprotein convertases 

other than furin, given its absence. This result supported the possibility that in addition to 

furin, other proprotein convertases were involved in the maturation of TACE. 

Although cell systems enable easy assessment of the physiological relevance of 

observed phenomena, they are also less pure experimental systems than acellular enzymatic 

systems, with many possible interfering factors. More specifically, an enzymatic model is 

more amenable to proving direct maturation of T ACE by PCs rather than indirect 

maturation through a PC-processed intermediary. Moreover this strategy simplifies the task 

of identifying which specific proprotein convertases are involved. Therefore recombinant 

furin, PC2, and PC7 were produced and purified, and then incubated with a peptide 

mimicking the junction between the T ACE prodomain and the catalytic domain. 

Expectedly, furin was able to efficiently cleave the TACE peptide, in contrast to PC7, 

which bas similar tissue expression and subcellular localisation. This is not surprising: 

although PC7 resembles furin most in its specificity, in some respects it is doser to yeast 

kexin. PC7 also seems to require Arg or Lys in the P6 position for optimal activity (Munzer 
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et al., 1997), while a Val is present in the T ACE processing site (Moss et al., 1997). 

lnterestingly, neuroendocrine PC2 was also efficient in cleaving the T ACE peptide. White 

PC2 and PC1/PC3 were initially observed in nervous and endocrine tissues, their 

expression in immune system cells such as polymorphonuclear leukocytes, alveolar 

macrophages and spleen mononuclear cells bas also been described (Vindrola et al., 1994 ). 

This is very interesting as macrophages and polymorphonuclear leukocytes are known to 

produce large quantities of TNF-a. Therefore T ACE maturation by PC2 or PC l/PC3 could 

be an alternative modulation mechanism for TNF-a production in these cells. Moreover, 

these cells are involved in rheumatoid arthritis, which certainly adds physiological 

relevance for that new modulation mechanism. 

The physiological relevance of furin and PC-mediated maturation of T ACE stems 

from its impact on TACE activity. One model we used to assess that impact is TNFR p75 

shedding (Peschon et al., 1998). Flow cytometry analysis revealed that TNFR p75 cell-

surface expression in LoVo Neo cells was about two-fold higher than in LoVo Fur2 cells 

(Figure 9), which correlates with the expected lower level of mature active T ACE, and 

therefore lower secretion rate and higher accumulation of TNFR p75 in LoVo Neo cells. 

Treatment of LoVo Fur2 cells with dec-RVKR-cmk also resulted in higher accumulation of 

TNFR p75, corroborating the previous result. This was expected, since, as already 

mentioned, the prodomain is inhibitory, and inhibition of TACE maturation by PCs enables 

the prodomain to maintain its inhibition of the catalytic activity. 
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TNF-a secretion is a physiological indicator of the impact of furin and PC-mediated 

processing of T ACE that is highly relevant to inflammation. Unfortunately, we were not 

able to induce TNF-a secretion in LoVo cells or in LoVo derived transfectants. This is 

compatible with the inability of non-hematopoietic cells to produce this cytokine (Tracey 

and Cerami, 1993). Therefore, the monocytic THP-1 and Monomac-1 cell lines were used 

as model cell systems. TNF-a secretion in the supematant is significantly diminished after 

inhibition of PC-mediated TACE maturation with dec-RVKR-cmk. However, when 

supematant to cell-associated TNF-a content ratio, which is a better reflection of shedding 

activity as explained above, is calculated, the decrease in that parameter with dec-RVKR-

cmk treatment is less important. This is due to a decrease in cell-associated TNF-a, which 

is unexpected since lower shedding rates with dec-RVKR-cmk treatment were thought to 

result in accumulation of intracellular TNF-a. One should not conclude that PC-mediated 

T ACE maturation has no impact on its activity however, since other factors can account for 

the lower significance when factoring cell-associated TNF-a in. For example, problems 

were encountered when trying to measure cell-associated TNF-a. At first, no TNF-a was 

detected, and even after modifying the protocol to minimise cell loss, variability was high, 

which may explain the lower significance. 

As already mentioned, other ADAMs contain a furin recognition sequence between 

their prodomain and the mature enzyme and some have been proven to be processed by 

furin. ADAMs are also known to possess redundant functions (Killar et al., 1999). lt is 

therefore difficult to ascertain, in an in vivo system, that the observed effect of diminished 

shedding of TNF-a or TNFR p75 when PCs are inhibited or not present is due to 
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diminished TACE activity. More specifically, it is known that MDC9 also possesses the 

ability to cleave TNF-a and TNFR p75 (Roghani et al., 1999). ADAMlO can also cleave 

TNF-a in vitro (Rosendahl et al., 1997). However, using TACE and ADAM 10 antisense 

oligonucleotide, it was determined that in Jurkat and THP-1 cells, the cell lines that we 

used in the TNF-a shedding experiments, TACE and not ADAMlO mediated TNF-a 

shedding in vivo (Condon et al., 200 l ). Furthermore, Solomon and co-workers constructed 

a dominant negative form of T ACE, the transfection of which resulted in 88% inhibition of 

TNF-a secretion and 84% inhibition of TNFR p75 shedding in HEK293 cells (Solomon et 

al., 1999). Taken together, these studies suggest that T ACE is the major sheddase for 

TNFR p75 and TNF-a, which means they are significant indicators ofTACE activity, even 

in vivo. It is therefore likely that the large inhibition of TNFR p75 and TNF-a shedding 

observed in our system is due to inhibition of T ACE activity and not that of other ADAM 

family members. 

Ali the results mentioned above prove by inhibition, complementation, and in vitro 

cleavage experiments the involvement of proprotein convertases in T ACE maturation. 

However, another conclusion that stems from these results is that T ACE maturation is not 

exclusively mediated by PCs. This bas been shown by the use of dec-RVKR-cmk, a large 

spectrum PC inhibitor. ln fact, concentrations of more than 100 µM of dec-RVKR-cmk 

(refer to Table 2) have no additional effect on TACE maturation (data not shown). 

However, non-negligible TACE maturation is still observed, even in these conditions 

(Figure 7), and this could therefore be accounted for by enzymes of other families. 

Supporting this, Blobel and co-workers reported that MDC9 and MDCI5 possess two 
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distinct maturation sites (Lum et al., 1998; Roghani et al., 1999). ln addition, N-tenninal 

sequencing of mature human T ACE revealed two species sequences present in equal 

amounts, VKRRAEPN and RAEPNPLK, with the N-terminal residues being 212V and 215R, 

respectively (Amour et al., 1998; Maskos et al., 1998). Cleavage before 215R occurs 

following residues 211 RVKR, which are an optimal recognition site for furin, as expected. 

However, cleavage of the 211R- 212V bond clearly does not occur following a furin or PC 

recognition sequence. Since this site is N-terminal to the furin cleavage site it cannot be 

produced by exoproteolytic processing following furin-mediated maturation. This again 

supports the hypothesis that enzymes other than PCs are involved in T ACE processing. 

Metalloproteases have been implicated in the maturation of other enzymes. An 

example of this is MMP2 maturation by MT 1-MMP (Sato et al., 1996; Yamamoto et al., 

1996; Wahl et al., 1993; Sato et al., 1994; Kinoshita et al., 1996; Strongin et al., 1995). 

Autocatalytic maturation of metalloproteases bas also been reported. MT 1-MMP is an 

example of this (Rozanov et al., 200 l ). Autocatalytic maturation of an ADAM, ADAM28, 

bas also been uncovered (Howard et al., 2000). Since metalloproteases are involved in the 

maturation of some enzyme precursors, they could also be partly responsible for T ACE 

maturation. Supporting this possibility, ADAMTS l, an ADAM with additional 

thrombospondin-like motifs, is subjected to maturation by furin in a first step, and then by a 

matrix metalloprotease such as MMP15 (Rodriguez-Manzaneque et al., 2000). In addition, 

ADAMTS 12 is not processed in Lo Vo ce lis, which suggests a role for furin in processing, 

and hydroxamate-based metalloprotease inhibitor 88-94 partially inhibited ADAMTS 12 

maturation (Cal et al., 2001), which suggests arole for a metalloprotease. Given all these 
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precedents, it was possible that metalloproteases were partly involved in TACE maturation. 

lndeed, treatment of LoVo Neo cells with the hydroxamate-based metalloprotease inhibitor 

88-3103 caused a slight decrease in T ACE maturation. Hydroxamate-base inhibitors 

function by binding the catalytic zinc atom. However, they were designed for matrix 

metalloproteinases and might not be potent inhibitors for ail metalloproteases (Whittaker 

and Ayscough, 2001). lndeed, treatment of LoVo Neo cells with clan MA inhibitors 

thiorphan and phosphoramidon resulted in higher inhibition of T ACE maturation. As 

obviated in the introduction section, the only mammalian endoproteases of clan MA 

inhibited both by thiorphan and phosphoramidon are ACE and enzymes of the neprilysin 

family. Therefore one or several enzymes of these families could be involved in TACE 

processing. Additional work should be performed to confirm these results and identify the 

specific enzyme(s) involved. ln a first time, more specific metalloprotease inhibitors should 

be used to identify the family to which the involved metalloprotease(s) belong. The precise 

identification could then be carried out by in vitro cleavage assays with recombinant 

metalloproteases, as was performed with PCs. The contribution to T ACE maturation of 

these yet to be identified metalloproteases relative to that of PCs is also important to 

determine. 

Furin is known to be responsible for the maturation of several molecules involved in 

rheumatoid arthritis. For instance, Dubois and co-workers have demonstrated that furin was 

an authentic convertase for TGF-/j (Dubois et al., 1995a; Dubois et al., 2001) and, 

interestingly, that TGF-/j actually increases the transcription of the fur gene (8lanchette et 

al., 1997). TGF-/j is an important anti-inflammatory cytokine. TGF-/jl-deficient mice are 
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aftlicted with multi-organ inflammation and die either in utero or shortly after birth 

(Dubois et al., 2001; Shull et al., l 992). Moreover, parenteral administration of TGF-'31 

decreases the probability of developing experimental arthritis while blocking antibodies 

have the opposite effect (Kulkarni et al., l 993; Kuruvilla et al., l 99 l ). However, local 

production of TGF-'3 within joints seems to have also pro-inflammatory effects in 

rheumatoid arthritis. One mechanism for these effects could be through the chemoattraction 

activity of TGF-'3 towards PMNs and monocytes, which then secrete pro-inflammatory 

cytokines (Thorbecke et al., l 992). Furin is also involved in maturation of MMPs, which 

are involved in joint degradation. For instance MTl-MMP is known to be processed by 

furin (Yamamoto et al., 1996). Subsequently MTl-MMP activates proMMP2 (Sato et al., 

1996; Yamamoto et al., 1996; Wahl et al., 1993; Sato et al., 1994; Kinoshita et al., 1996; 

Strongin et al., l 995), and proMMP 13 (Will et al., l 996). These enzymes are responsible 

for degradation of many joint components such as type II collagen (Knauper et al., l 996), 

the most abundant collagen in joint cartilage, type I collagen (Konttinen et al., l 998), which 

is present in bone, and aggrecan (Konttinen et al., 1999), responsible for the high water 

content of joint cartilage and therefore of its shock-absorbing capacity (Hardingham, T, 

Fosang, AJ, and Dudhia, J, l 992). Aggrecanase-1 is an ADAMTS family member 

(ADAMTS-4) and is a potential furin substrate since it possesses a putative furin 

recognition sequence. The proof that T ACE is a furin substrate therefore adds to the 

possibility that furin is an important player in the pathogenesis of rheumatoid arthritis. 

Anti-TNF therapies have bcen quite promising in the treatment of rheumatoid arthritis. 

However, these treatments are immunogenic, and systemic inhibition of TNF-a effects is 
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not desirable given the important role of TNF-a in inflammatory and infectious processes: 

in the wake of some cases of mortality with anti-TNF therapies, the USA Food and Drugs 

Administration bas advised against their use in patients with sepsis, infection, or at risk of 

infection such as diabetics. For all these reasons, furin could be an interesting alternative 

target for rheumatoid arthritis drug design. A study by Dubois and co-workers is actually 

aimed at determining the therapeutic value of localised furin inhibition within joints with 

AT-PDX gene therapy (manuscript in preparation). 

In conclusion, we have demonstrated both in vivo and in vitro that furin and other 

PCs are involved in TACE maturation. We have also proven that this PC-mediated 

maturation bas an impact on TACE activity as reflected by TNF-a and TNFR shedding. We 

have also determined that yet to be identified metalloproteases also play a rote in T ACE 

maturation. The detailed mechanism of T ACE maturation would be interesting to uncover. 

Specifically, it should be determined if metalloproteases act directly or through 

intermediates, and whether there is any link or cross-talk between PC-mediated and 

metalloprotease-mediated maturation since several metalloproteases are known to be 

activated by furin or PCs, as mentioned above. Synergy studies with PC and 

metalloprotease inhibitors would therefore be useful. Another approach is to inhibit both 

PCs and the involved metalloproteases and determine if there is still some T ACE 

maturation through metabolic labelling. The metabolic labelling technique would permit 

the exclusion of contamination by TACE maturated before inhibition of PCs and 

metalloproteases take effect. 



74 

5. References 

Almeida EA, Huovila AE, Sutherland AE, et al. (1995) Mouse egg integrin <16~1 functions 

as a sperm receptor. Cel/ 81: l 095-1104. 

Althoff K, Reddy P. Voltz N, Rose-John S, Mullberg J. (2000) Shedding of interleukin-6 

receptor and tumor necrosis factor alpha. Contribution of the stalk sequence to the 

cleavage pattern of transmembrane proteins. Eur. J. Biochem. 267:2624-263 l. 

Amour A, Knight C. Graham, Webster A, Slocombe PM, Stephens PE, Knauper V, et al. 

(2000) The in vitro activity of ADAM-10 is inhibited by TIMP-l and TIMP-3. 

FEBS Lett. 473:275-279. 

Amour A, Slocombe PM, Webster A, Butler M, Knight C. Graham, Smith BJ, et al. (1998) 

TNF-alpha converting enzyme (T ACE) is inhibited by TIMP-3. FEBS Lett. 435:39-

44. 

Anders A, Gilbert S, Garten W, Postina R, Fahrenholz F. (2001) Regulation of the alpha-

secretase ADAM l 0 by its prodomain and proprotein convertases. F ASEB J. 

15: 1837-1839. 



75 

Anderson ED, Thomas L, Hayflick JS, Thomas G. (1993) Inhibition of HIV-1 gpl60-

dependent membrane fusion by a furin-directed alpha 1-antitrypsin variant. J. Bio/. 

Chem. 268:24887-24891. 

Anderson ED, VanSlyke JK, Thulin CD, Jean F, Thomas G. (1997) Activation of the furin 

endoprotease is a multiple-step process: requirements for acidification and internai 

propeptide cleavage. EMBO J. 16: 1508-1518. 

Angliker H. ( 1995) Synthesis of tight binding inhibitors and their action on the proprotein-

processing enzyme furin. J. Med. Chem. 38:4014-4018. 

Arend WP, Dayer JM. (1995) Inhibition of the production and effects of interleukin-1 and 

tumor necrosis factor-alpha in rheumatoid arthritis. Arthritis Rheum. 38: 151-160. 

Ayoubi TA, Creemers JW, Roebroek AJ, Van de Ven WJ. (1994) Expression of the dibasic 

proprotein processing enzyme furin is directed by multiple promoters. J. Bio/. 

Chem. 269:9298-9303. 

Barr PJ, Mason OB, Landsberg KE, Wong PA, Kiefer MC, Brake AJ. (1991) cDNA and 

gene structure for a human subtilisin-like protease with cleavage specificity for 

paired basic amino acid residues. DNA Cel/ Bio/. 10:319-328. 

Barrett AJ, Starkey PM. ( 1973) The interaction of alpha 2-macroglobulin with proteinases. 

Characteristics and specificity of the reaction, and a hypothesis concerning its 

molecular mechanism. Biochem. J. 133:709-724. 



76 

Barrett AJ. Classification of peptidases. ln: Barrett AJ, editor. Proteolytic Enzymes: 

Serine and Cysteine Peptidases. 1994:1-18. 

Basak A, Jean F, Seidah NG, Lazure C. (1994) Design and synthesis ofnovel inhibitors of 

prohormone convertases. /nt. J. Pept. Protein Res. 44:253-261. 

Basak A, Schmidt C, lsmail AA, Seidah NG, Chretien M, Lazure C. ( 1995) Peptidyl 

substrates containing unnatural amino acid at the P' 1 position are potent inhibitors 

of prohormone convertases. /nt. J. Pept. Protein Res. 46:228-237. 

Basak A, Zhong M, Munzer JS, Chretien M, Seidah NG. (200 l) Implication of the 

proprotein convertases furin, PC5 and PC7 in the cleavage of surface glycoproteins 

of Hong Kong, Ebola and respiratory syncytial viruses: a comparative analysis with 

fluorogenic peptides. Biochem. J. 3S3:537-545. 

Bassi DE, Lopez De Cicco R, Mahloogi H, Zucker S, Thomas G, Klein-Szanto AJ. (2001a) 

Furin inhibition results in absent or decreased invasiveness and tumorigenicity of 

human cancer cells. Proc. Nat/. Acad. Sei. USA 98: 10326-10331. 

Bassi DE, Mahloogi H, Al-Saleem L, Lopez De Cicco R, Ridge JA, Klein-Szanto AJ. 

(200 lb) Elevated furin expression in aggressive human head and neck tumors and 

tumor cell lines. Mol. Carcinog. 31:224-232. 

Bassi DE, Mahloogi H, Klein-Szanto AJ. (2000) The proprotein convertases furin and 

PACE4 play a significant rote in tumor progression. Mol. Carcinog. 28:63-69. 



77 

Bathurst IC, Brennan SO, Carrell RW, Cousens LS, Brake AJ, Barr PJ. (1987) Yeast KEX2 

Protease Has the properties of a Human Proalbumin Converting Enzyme. Science 

235:348-350. 

Benchetrit T, Fournie-Zaluski MC, Roques BP. ( 1987) Relationship between the inhibitory 

potencies of thiorphan and retrothiorphan enantiomers on thermolysin and neutral 

endopeptidase 24.11 and their interactions with the thermolysin active site by 

computer modelling. Biochem. Biophys. Res. Commun. 147: 1034-40. 

Benjannet S, Savaria D, Chrétien M, Seidah NG. (1995) 782 is a specific intracellular 

binding protein of the prohormone convertase PC2. J. Neurochem. 64:2303-231 l. 

Bergeron F, Leduc R, Day R. (2000) Subtilase-like pro-protein convertases: from molecular 

specificity to therapeutic applications. J. Mol. Endocrinol. 24: l-22. 

Bjamason JB, Fox JW. Snake venom metalloendopeptidases: reprolysins. In: Barrett AJ, 

editor. Proteolytic Enzymes: Aspartic and Metallo Peptidases. l 995:345-368. 

Black RA, Rauch CT, Kozlosky CJ, Peschon JJ, Slack JL, Wolfson MF, et al. (1997) A 

metalloproteinase disintegrin that releases tumor-necrosis factor-a from cells. 

Nature 385:729-733. 

Black RA, White JM. (1998) ADAMs - focus on the protease domain. Curr. Opin. Cel/ 

Bio/. 10:654-659. 



78 

Blanchette F, Day R. Dong W, Laprise MH, Dubois CM. (1997) TGFbetal regulates gene 

expression of its own converting enzyme furin. J. Clin. lnvest. 99: 1974-1983. 

Bode FW, Gomis-Rüth FX, Huber R, Zwilling R, Stocker W. ( 1992) Structure of astacin 

and implications for activation of astacins and zinc-ligation of collagenases. Nature 

358: 164-167. 

Bode W, Gomis-Rüth FX, Stocker W. (1993) Astacins, serralysins, snake venom and 

matrix metalloproteinases exhibit identical zinc-binding environments 

(HEXXHXXGXXH and Met-tum) and topologies and should be grouped into a 

common family, the "metzincins". FEBS lett. 331: 134-140. 

Bouchard D. Production et caractérisation d'un systcme régulable de l'a l AT-PD X : un 

inhibiteur puissant de la furine. 1999; Université de Sherbrooke. 

Boudreault A, Gauthier D, Lazure C. ( 1998) Proprotein convertase PC l/3-related peptides 

are potent slow tight-binding inhibitors of murine PC l/3 and Hfurin. J. Bio/. Chem. 

273:31574-3 l 580. 

Brennan FM, Gibbons D, Cope A, Katsikis P, Maini R. N., Feldmann M. (1995) TNF 

inhibitors are produced spontaneously by rheumatoid and osteoarthritic synovial 

joint cell culture: evidence of feedback control of TNF action. Scand. J. lmmunol. 

421:158-165. 



79 

Brennan SO, Peach RJ. ( 1988) Calcium-dependent IŒX2-like protease found in hepatic 

secretory vesicles converts proalbumin to albumin. FEBS Lett. 229: 167-170. 

Brou C, Logeat F, Gupta N, Bessia C, LeBail 0, Doedens JR, et al. (2000) A novel 

proteolytic cleavage involved in Notch signaling: the role of the disintegrin-

metalloprotease TACE. Mol. Cel/ S:207-216. 

Bruzzaniti A, Goodge K, Jay P, Taviaux SA, Lam MH, Berta P, et al. ( l 996) PC8 

[corrected], a new member of the convertase family [published erratum appears in 

Biochem J l 996 Jun l5;316(Pt 3): 1007]. Biochem. J. 314 :727-73 l. 

Buxbaum ID, Liu K-N, Luo Y, Slack JL, Stocking KL, Peschon JJ, et al. ( 1998) Evidence 

that tumor necrosis factor a converting enzyme is involved in regulated a-secretase 

cleavage of the Alzheimer amyloid protein precursor. J. Bio/. Chem. 273:27765-

27767. 

Cal S, Arguelles JM, Femandez PL, Lopez-Otin C. (200 l) Identification, characterization, 

and intracellular processing of ADAM-TSl2, a novel human disintegrin with a 

complex structural organization involving multiple thrombospondin-1 repeats. J. 

Bio/. Chem. 276: l 7932-17940. 

Cameron A, Appel J, Houghten RA, Lindberg 1. (2000) Polyarginines are potent furin 

inhibitors. J. Bio/. Chem. 27S:36741-36749. 



80 

Chan SJ, Oliva AA Jr, LaMendola J, Orens A, Bode H, Steiner DF. (1992) Conservation of 

the prohonnone convertase gene family in metazoa: analysis of cDNAs encoding a 

PC3-like protein from hydra. Proc. Nat/. Acad. Sei. USA 89:6678-6682. 

Chen MS, Almeida EAC, Huovila A-PJ, Takahashi Y, Shaw LM, Mercurio AM, et al. 

( 1999) Evidence that distinct states of the integrin avP I interact with laminin and an 

ADAM. J. Cel/ Bio/. 144:549-561. 

Cho C, Bunch DO, Faure J-E, Goulding EH, Eddy EM, Primakoff P, et al. (1998) 

Fertilization defects in spenn from mice lacking fertilin p. Science 281: 1857-1859. 

Chrétien M, Li CH. ( 1967) Isolation, purification , and characterization of y-lipotropic 

hormone from sheep pituitary glands. Can. J Biochem. 45: 1163-1174. 

Clarke HR, Wolfson MF, Rauch CT, Castner BJ, Huang CP, Gerhart MJ, et al. (1998) 

Expression and purification of correctly processed, active human T ACE catalytic 

domain in Saccharomyces cerevisiae. Protein Expr. Purif. 13:104-110. 

Condon TP, Floumoy S, Sawyer GJ, Baker BF, Kishimoto TK, Bennett CF. (2001) 

ADAM 17 but not ADAM 10 mediates tumor necrosis factor-alpha and L-selectin 

shedding from leukocytes membranes. Antisense Nuc/eic Drug Dev. 11: l 07-116. 

Constam DB, Calfon M, Robertson EJ. ( 1996) SPC4, SPC6, and the novel protease SPC7 

are coexpressed with bone morphogenetic proteins at distinct sites during 

embryogenesis. J. Cel/ Bio/. 134: 181-191. 



81 

Creemers JW, Siezen RJ, Roebroek AJ, Ayoubi TA, Huylebroeck D, Van de Ven WJ. 

( 1993) Modulation of furin-mediated proprotein processing activity by site-directed 

mutagenesis. J. Bio/. Chem. 268:21826-21834. 

Dahlen JR, Jean F, Thomas G, Foster DC, Kisiel W. (1998) Inhibition of soluble 

recombinant furin by human proteinase inhibitor 8. J. Bio/. Chem. 273: 1851-1854. 

Day R, Schafer MK, Cullinan WE, Watson SJ, Chrétien M, Seidah NG. (1993) Region 

specific expression of furin mRNA in the rat brain. Neurosci. lett. 149:27-30. 

De Bie 1, Marcinkiewicz M, Mal ide D, Lazure C, Nakayama K, Bendayan M, et al. ( 1996) 

the isoforms of proprotein convertase PC5 are sorted to different subcellular 

compartments. J. Cel/ Bio/. 135:1261-1275. 

Denault JB, Lazure C, Day R, Leduc R. (2000) Comparative characterization oftwo forms 

of recombinant human SPC I secreted from Schneider 2 cells. Protein Expr. Purif. 

19: 113-124. 

Dennis MS, Henzel WJ, Pitti RM, Lipari MT, Napier MA, Deisher TA, et al. ( 1989) 

Platelet glycoprotein llb-llla protein antagonists from snake venoms: evidence for a 

family ofplatelet-aggregation inhibitors. Proc. Nat/. Acad. Sei. USA 87:2471-2475. 

Doedens JR, Black RA. (2000) Stimulation-induced down-regulation of tumor necrosis 

factor-alpha converting enzyme. J. Bio/. Chem. 275: 14598-14607. 



82 

Dong W, Marcinkiewicz M, Vieau D, Chrétien M, Seidah NG, Day R. ( 1995) Distinct 

mRNA expression of the highly homologous convertases PC5 and PACE4 in the rat 

brain and pituitary. J. Neurosci. lS: 1778-1796. 

Dubois CM, Blanchette F, Laprise MH, Leduc R, Grondin F, Seidah NG. (2001) Evidence 

that furin is an authentic transforming growth factor-beta l-converting enzyme. Am. 

J. Pathol. 158:305-316. 

Dubois CM, Laprise MH, Blanchette F, Gentry LE, Leduc R. (l 995a) Processing of 

transfonning growth factor beta l precursor by human furin convertase. J. Bio/. 

Chem. 270: 10618-10624. 

Dubois CM, Laprise MH, Blanchette F, Gentry LE, Leduc R. (l 995b) Processing of 

transfonning growth factor beta l precursor by human furin convertase. J. Bio/. 

Chem. 270: l 0618-24. 

Feldmann M, Brennan M, Maini RN. ( 1996) Role of cytokines in rheumatoid arthritis. 

Annu. Rev. lmmuno/ 14:397-440. 

Foster DC, Holly RD, Sprecher CA, Walker KM, Kumar AA. ( 1991) Endoproteolytic 

processing of the human protein C precursor by the yeast Kex2 endopeptidase 

coexpressed in mammalian cells. Biochemistry 30:367-372. 



83 

Fournie-Zaluski MC, Lucas E, Waksman G, Roques BP. (1984) Differences in the 

structural requirements for selective interaction with neutral metalloendopeptidase 

(enkephalinase) or angiotensin-converting enzyme. Molecular investigation by use 

ofnew thiol inhibitors. Eur. J. Biochem. 139:267-74. 

Fox JW, Bjamason JB. Atrolysins: Metalloproteinases from Crotalus atrox venom. ln: 

Barrett AJ, editor. Proteolytic Enzymes: Aspartic and Metallo Peptidases. 

1995:368-387. 

Fulcher IS, Matsas R, Turner AJ, Kenny AJ. (1982) Kidney neutral endopeptidase and the 

hydrolysis of enkephalin by synaptic membranes show similar sensitivity to 

inhibitors. Biochem. J. 203:519-22. 

Fuller RS, Brake AJ, Thomer J. (1989a) Yeast prohormone processing enzyme (KEX2 

gene product) is a Ca2+-dependent serine protease. Proc. Nat/. Acad. Sei. USA 

86: 1434-1438. 

Fuller RS, Brake AJ, Thomer J. (1989b) lntracellular targeting and structural conservation 

of a prohormone-processing endoprotease. Science 246:482-486. 

Fuller RS, Sterne RE, Thomer J. ( 1988) Enzymes required for yeast prohormone 

processing. Ann. Rev. Physiol. S0:345-362. 



84 

Garten W, Hallenberger S, Ortmann D, Scafer W, Vey M, Angliker H, et al. (1994) 

Processing of viral glycoproteins byt the subtilisin-like endoprotease furin and its 

inhibition by specific peptidylchloroalkylketones. Biochimie 76:217-225. 

Garton KJ, Gough PJ, Blobel CP, Murphy G, Greaves DR, Dempsey PJ, et al. (2001) 

Tumor Necrosis Factor-alpha -converting Enzyme (ADAM 17) Mediates the 

Cleavage and Shedding of Fractalkine (CX3CLI). J. Bio/. Chem. 276:37993-

38001. 

Gay S, Gay R, Koopman WJ. (1993) Molecular and cellular mechanisms of joint 

destruction inn rheumatoid arthritis : two cellular mechanisms explain joint 

destruction. Ann. Rheum. Dis. S2:S39. 

Gluschankof P, Fuller R. (1994) AC-terminal domain conserved in precursor processing 

proteases is required for intramolecular N-terminal maturation of pro-Kex2 

protease. EA,fBO J. 13:2280-2288. 

Gomis-Rüth FX, Kress LF, Bode FW. (l 993) First structure of a snake venom 

metalloproteinase: a prototype for matrix metalloproteinases/collagenases. EMBO 

J. 12:4151-4157. 

Gossen M, Bujard H. ( 1992) Tight control of gene expression in mammalian cells by 

tetracycline-responsive promoters. Proc. Nat/. Acad. Sei. USA 89:5547-51. 



85 

Hallenberger S, Bosch V, Angliker H, Shaw E, Klenk HD, Garten W. (1992) Inhibition of 

furin-mediated cleavage activation of HIV-1 glycoprotein gp 160. Nature 360:358-

36 l. 

Hardingham T, Fosang AJ, Dudhia J. Articular cartilage and osteoarthritis. New York, 

USA: Raven Press, 1992. 

Hatsuzawa K, Hosaka M, Nakagawa T, Nagase M, Shoda A, Murakami K, et al. ( 1990) 

Structure and expression of mouse furin, a yeast Kex2-related protease. Lack of 

processing of coexpressed prorenin in GH4Cl cells. J. Bio!. Chem. 265:22075-

22078. 

Hatsuzawa K, Murakami K, Nakayama K. ( 1992a) Molecular and enzymatic properties of 

furin, a Kex2-like endoprotease involved in precursor cleavage at Arg-X-Lys/Arg-

Arg sites. J. Biochem. 111 :296-30 l. 

Hatsuzawa K, Nagahama M, Takahashi S, Takada K, Murakami K, Nakayama K. (1992b) 

Purification and characterization of furin, a Kex2-Iike processing endoprotease, 

produced in Chinese hamster ovary cells. J. Bio/. Chem. 267:16094-16099. 

Hinrichs W, Kisker C, Duvet M, Muller A, Tovar K, Hillen W, et al. ( 1994) Structure of 

the Tet repressor-tetracycline complex and regulation of antibiotic resistance. 

Science 264:418-20. 



86 

Hosaka M, Nagahama M, Kim WS, Watanabe T, Hatsuzawa K, lkemizu J, et al. (1991) 

Arg-X-Lys/Arg-Arg motif as a signal for precursor cleavage catalyzed by furin 

within the constitutive secretory pathway. J. Bio/. Chem. 266: 12127-12130. 

Howard L, Maciewicz RA, Blobel CP. (2000) Cloning and characterization of ADAM28: 

evidence for autocatalytic pro-domain removal and for cell surface localization of 

mature ADAM28. Biochem. J. 348:21-27. 

Howard L, Nelson KK, Maciewicz RA, Blobel CP. (l 999) Interaction of the 

metalloprotease disintegrins MDC9 and MDC 15 with two SH3 domain-containing 

proteins, endophilin I and SH3PX 1. J. Bio/. Chem. 274:31693-3 l 699. 

Huovila A-PJ, Almeida EAC, White JM. (1996) ADAMs and cell fusion. Curr. Opin. Cel/ 

Bio/. 8:692-699. 

ltai T, Tanaka M, Nagata S. (200 l) Processing of tumor necrosis factor by the membrane-

bound TNF-alpha-converting enzyme, but not its truncated soluble form. Eur. J. 

Biochem. 268:2074-2082. 

Jani A, Lochmuller H, Acsadi G, Simoneau M, Huard J, Garnier A, et al. ( 1997) 

Generation, validation, and large scale production of adenoviral recombinants with 

large size inserts such as a 6.3 kb human dystrophin cDNA. J. Viro/. Methods 

64:111-124. 



87 

Jean F, Basak A, DiMaio J, Seidah NG, Lazure C. (l 995a) An intemally quenched 

fluorogenic substrate of prohonnone convertase l and furin leads to a potent 

prohonnone convertase inhibitor. Biochem. J. 307 :689-695. 

Jean F, Boudreault A, Basak A, Seidah NG, Lazure C. (l995b) Fluorescent peptidyl 

substrates as an aid in studying the substrate specificity of human prohonnone 

convertase PC l and human furin and designing a potent irreversible inhibitor. J. 

Bio/. Chem. 270: l 9225-1923 l. 

Jean F, Stella K, Thomas L, Liu G, Xiang Y, Reason AJ, et al. (1998) al-Antitrypsin 

Portland, a bioengineered serpin highly selective for furin: application as an 

antipathogenic agent. Proc. Nat/. Acad. Sei. USA 9S:7293-7298. 

Jones BG, Thomas L, Molloy SS, Thulin CD, Fry MD, Walsh KA, et al. (l 995) 

Intracellular trafficking of furin is modulated by the phosphorylation state of a 

casein kinase II site in its cytoplasmic tait. EMBO J. 14:5869-5883. 

Julius D, Brake A, Blair L, Kunisawa R, Thomer J. (1984) Isolation of the putative 

structural gene for the lysine-arginine-cleaving endopeptidase required for 

processing of yeast prepro-a-factor. Ce// 37: I075-l89. 

Khatib AM, Siegfried G, Prat A, Luis J, Chretien M, Metrakos P, et al. (2001) Inhibition of 

proprotein convertases is associated with loss of growth and tumorigenicity of HT-

29 human colon carcinoma cells: importance ofinsulin-like growth factor-l (IGF-1) 

receptor processing in IGF-1-mediated functions. J. Bio/. Chem. 276:30686-30693. 



88 

Kiefer MC, Tucker JE, Job R. Landsberg KE, Slatman D, Barr PJ. (1991) Identification of 

a second human subtilisin-like protease gene in the feslfps region of chromosome 

15. DNA Cel/ Bio/. 10:757-769. 

Killar L, White J, Black RA, Peschon JJ. ( 1999) Adamalysins: a family of metzincins 

including TNF-a converting enzyme (T ACE). Ann. N. Y. Acad. Sei. 878:442-452. 

Kinoshita T, Sato H, Takino T, ltoh M, Akizawa T, Seiki M. ( 1996) Processing of a 

precursor of 72-kilodalton type IV collagenase/gelatinase A by a recombinant 

membrane-type I matrix metalloproteinase. Cancer Res. S6:2535-2538. 

Klippel li, Dieppe PA. Rheumatology. ed. St-Louis, MO, USA: Mosby, 1994. 

Knauper V, Will H, Lopez-Otin C, Smith B, Atkinson SJ, Stanton H, et al. (1996) Cellular 

mechanisms for human procollagenase-3 (MMP-13) activation. Evidence that 

MTl-MMP (MMP-14) and gelatinase A (MMP-2) are able to generate active 

enzyme. J. Bio/. Chem. 271: 17124-1713 l. 

Ko KH, Lee CJ, Shin CY, Jo M, Kim KC. (1999) Inhibition of mucin release from airway 

goblet cells by polycationic peptides. Am. J. Physiol. 277:L8 l l-5. 

Komada M, Hatsuzawa K, Shibamoto S, lto F, Nakayama K, Kitamura N. (1993) 

Proteolytic processing of the hepatocyte growth factor/scatter factor receptor by 

furin. FERS Lett. 328 :25•29. 



89 

Konttinen YT, Ceponis A, Takagi M, Ainola M, Sorsa T, Sutinen M, et al. (1998) New 

collagenolytic enzymes/cascade identified at the pannus-hard tissue junction in 

rheumatoid arthritis: destruction from above. Matrl-c Bio/. 17:585-601. 

Konttinen YT, Salo T, Hanemaaijer R, Valleala H, Sorsa T, Sutinen M, et al. (1999) 

Collagenase-3 (MMP-13) and its activators in rheumatoid arthritis: localization in 

the pannus-hard tissue junction and inhibition by alendronate. Matrix Bio/. 18:401-

412. 

Kulkami AB, Huh CG, Becker D, Geiser A, Lyght M, Flanders KC, et al. (1993) 

Transfonning growth factor beta-1 null mutation in mice causes excessive 

inflammatory response and early death. Proc. Nat/. Acad. Sei. USA 90:770-774. 

Kuruvilla AP, Shah R, Hochwald GM, Liggitt HD, Palladino MA, Thorbecke GJ. ( 1991) 

Protective effect of transforming growth factor beta l on experimental autoimmune 

diseases in mice. Proc. Nat/. Acad. Sei. USA 88:2918-2921. 

Lamango NS, Zhu X, Lindberg 1. ( 1996) Purification and enzymatic characterization of 

recombinant prohormone convertase 2: stabilization of activity by 21 kDa 7B2. 

Arch. Biochem. Biophys. 330:238-250. 

Lammich S, Kojro E, Postina R, Gilbert S, Pfeiffer R, Jasionowski M, et al. (1999) 

Constitutive and regulated a-secretase cleavage of Alzheimer's amyloid precursor 

protein by a disintegrin metalloprotease. Proc. Nat/. Acad. Sei. USA 96:3922-3927. 



90 

Leduc R, Molloy SS, Thome BA, Thomas G. ( 1992) Activation of human furin precursor 

processing endoprotease occurs by an intramolecular autoproteolytic cleavage. J. 

Bio/. Chem. 267:14304-14308. 

Lee M-H, Knauper V, Becherer ID, Murphy Gillian. (2001) Full-length and N-TIMP-3 

display equal inhibitory activities toward TNF-a convertase. Biochem. Biophys. 

Res. Commun. 280:945-950. 

Lewis JH, lammarino RM, Spero JA, Hasiba U. (l 978) Antithrombin Pittsburgh: an 

alpha 1-antitrypsin variant causing hemorrhagic disease. Blood 51: 129-13 7. 

Loechel F, Gilpin BJ, Engvall E., Albrechtsen R, Wewer UM. (1998) Human ADAM12 

(meltrin alpha) is an active metalloprotease. J. Bio/. Chem. 273:16993-16997. 

Lopez-Perez E, Zhang Y, Frank SJ, Creemers J, Seidah N, Checler F. (2001) Constitutive 

alpha-secretase cleavage of the beta-amyloid precursor protein in the furin-deficient 

Lo Vo cell line: involvement of the pro-hormone convertase 7 and the disintegrin 

metalloprotease ADAMlO. J. Neurochem. 76:1532-9. 

Lum L, Reid MS, Blobel CP. (1998) Intracellular maturation of the mouse metalloprotease 

disintegrin MDC15. J. Bio/. Chem. 273:26236-26247. 



91 

Lum L, Wong BR. Josien R, Becherer ID, Erdjument-Bromage H, Schlôndorff J, et al. 

(1999) Evidence for arole of a tumor necrosis factor-a (TNF-a)-converting enzyme-

like protease in shedding of TRANCE, a TNF family member involved m 

osteoclastogenesis and dendritic cell survival. J. Bio/. Chem. 274: 13613-13618. 

Lusson J, Benjannet S, Hamelin J, Savaria D, Chrétien M, Seidah NG. ( 1997) The integrity 

of the RRGDL sequence of the proprotein convertase PC 1 is critical for its zymogen 

and C-terminal processing and for its cellular trafficking. Biochem. J. 326 :737-

744. 

Lusson J, Vieau D, Hamelin J, Day R, Chrétien M, Seidah NG. (1993) cDNA structure of 

the mouse and rat subtilisin/kexin-like PC5: a candidate proprotein convertase 

expressed in endocrine and nonendocrine cells. Proc. Nat/. Acad. Sei. USA 

90:6691-6695. 

Malide D, Seidah NG, Chrétien M, Bendayan M. ( 1995) Electron microscopie 

immunocytochemical evidence for the involvement of the convertases PC 1 and PC2 

in the processing of proinsulin in pancreatic 13-cells. J. Histochem. Cytochem. 

43:11-19. 

Marcinkiewicz M, Day R, Seidah NG, Chretien M. (1993) Ontogeny of the prohormone 

convertases PC 1 and PC2 in the mouse hypophysis and their colocalization with 

corticotropin and alpha-melanotropin. Proc. Nat/. Acad. Sei. USA 90:4922-4926. 



92 

Marcinkiewicz M, Ramla D, Seidah NG, Chretien M. (1994) Developmental expression of 

the prohormone convertases PC I and PC2 in mouse pancreatic islets. 

Endocrinology 135: 1651-1660. 

Marinova-Mutafchieva L, Williams RO, Mason LJ, Mauri C, Feldmann M, Maini RN. 

( 1997) Dynamics of proinflammatory cytokine expression in the joints of mice with 

collagen-induced arthritis (CIA). Clin. Exp. lmmunol. 107:507-512. 

Marks MS, Ohno H, Kirchhausen T, Bonifacino JS. ( 1997) Protein sorting by tyrosine-

based signais - adapting to the YS and wherefores. Trends Cel/. Bio/. 7: 124-128. 

Maskos K, Femandez-Catalan C, Huber R, Bourenkov GP, Bartunik H, Ellestad GA, et al. 

( 1998) Crystal structure of the catalytic domain of human tumor necrosis factor-

alpha-converting enzyme. Proc. Nat/. Acad. Sei. USA 95:3408-12. 

Matheson NR, van Halbeek H, Travis J. (1991) Evidence for a tetrahedral intermediate 

complex during serpin-proteinase interactions. J. Bio/. Chem. 266: l 3489-1349 l. 

Mathews BW, Weaver LH, Kester WR. ( 1974) The conformation of thermolysin. J. Bio/. 

Chem. 249:8030-8044. 

Matthews DJ, Goodman LJ, Gorman CM, Wells JA. (1994) A survey of furin substrate 

specificity using substrate phage display. Prote in Sei. 3: 1197-1205. 



93 

Meerabux J, Yaspo ML, Roebroek AJ, Van de Ven WJ, Lister TA, Young BD. (1996) A 

new member of the proprotein convertase gene family (LPC) is located at a 

chromosome translocation breakpoint in lymphomas. Cancer Res. 56:448-451. 

Milhiet PE, Chevallier S, Corbeil D, Seidah NG, Crine P, Boileau G. ( 1995) Proteolytic 

processing of the alpha-subunit of rat endopeptidase-24.18 by furin. Biochem. J. 

309:683-688. 

Mi lia ME, Leesnitzer MA, Moss ML, Clay WC, Luke Carter H, Miller AB, et al. ( 1999) 

Specific sequence elements are required for the expression of functional tumor 

necrosis factor-a-converting enzyme. J. Bio/. Chem. 274:30563-30570. 

Mizuno K, Nakamura T, Ohshima T, Tanaka S, Matsuo H. (1988) Yeast KEX2 gene 

encodes an endopeptidase homologous to subtilisin-like serine proteases. Biochem. 

Biophys. Res. Commun. 156:246-254. 

Molloy SS, Anderson ED, Jean F, Thomas G. (1999) Bi-cycling the furin pathway: from 

TGN localization to pathogen activation and embryogenesis. Trends Cel/. Bio/. 

9:28-35. 

Molloy SS, Bresnahan PA, Leppla SH, Klimpel KR, Thomas G. (1992) Human furin is a 

calcium-dependent serine endoprotease that recognizes the sequence Arg-X-X-Arg 

and efficiently cleaves anthrax toxin protective antigen. J. Bio/. Chem. 267: 16396-

16402. 



94 

Molloy SS, Thomas L, Kamibayashi C, Mumby MC, Thomas G. ( 1998) Regulation of 

endosome sorting by a specific PP2A isoform. J. Cel/ Bio/. 142: 1399-1411. 

Montero JC, Yuste L, Dia-Rodriguez E, Esparis-Ogando A, Pandiella A. (2000) 

Differential shedding of transmembrane neuregulin isoforms by the tumor necrosis 

factor-a-converting enzyme. Mol. Cel/. Neurosci. 16:631-648. 

Moss ML, Catherine Jin S-L, Milla ME, Burkhart W, Luke Carter H, Chen W-J, et al. 

( 1997) Cloning of a disintegrin metalloproteinase that processes precursor tumour-

necrosis-factor-a. Nature 385:733-736. 

Muller L, Zhu X, Lindberg 1. ( 1997) Mechanism of the facilitation of PC2 maturation by 

782: involvement in proPC2 transport and activation but not folding. J. Cel/ Bio/. 

139:625-638. 

Munzer JS, Basak A, Zhong M, Mamarbachi A, Hamelin J, Savaria D, et al. ( 1997) ln vitro 

characterization of the nove! proprotein convertase PC7. J. Bio/. Chem. 272: l 9672-

1968 l. 

Myles DG, Primakoff P. (l 997) Why did the sperm cross the cumulus? To get to the 

oocyte. Functions of the sperm surface proteins PH-20 and fertilin in arriving at, 

and fusing with, the egg. Bio/. Reprod. 56:320-327. 



95 

Nagamune H, Muramatsu K, Akamatsu T, Tamai Y, Izumi K, Tsuji A, et al. ( 1995) 

Distribution of the Kexin family proteases in pancreatic islets: PACE4C is 

specifically expressed in B cells of pancreatic islets [published erratum appears in 

Endocrinology 1995 Jun;l36(6):2586]. Endocrinology 136:357-60. 

Nagase H. ( 1997) Activation mechanisms of matrix metalloproteinases. Bio/. Chem. 

378:151-160. 

Nagase H, Enghild J, Suzuki K, Salvesen G. ( 1990) Stepwise activation mechanisms of the 

precursor of matrix metalloproteinase 3 (stromelysin) by proteinases and ( 4-

aminophenyl) mercuric acetate. Biochemistry 29:5783-5789. 

Nakagawa T, Hosaka M, Torii S, Watanabe T, Murakami K, Nakayama K. ( 1993a) 

Identification and functional expression of a new member of the mammalian Kex2-

like processing endoprotease family: its striking structural similarity to PACE4. J. 

Biochem. 113: 132-135. 

Nakagawa T, Murakami K, Nakayama K. (1993b) Identification of an isoform with an 

extremely large Cys-rich region of PC6, a Kex2-like processing endoprotease. 

FERS Lett. 327: 165-171. 

Nakayama K. ( 1997) Furin: a mammalian subtilisin/Kex2p-like endoprotease involved in 

processing of a wide variety ofprecursor proteins. Biochem. J. 327:625-635. 



96 

Nakayama K, Kim WS, Torii. S., Hosaka M, Nakagawa T, Ikemizu J, et al. (1992) 

Identification of the fourth member of the mammalian endoprotease family 

homologous to the yeast Kex2 protease. Its testis-specific expression. J. Bio/. 

Chem. 267:5897-5900. 

Nelson KK, Schlondorff J, Blobel CP. ( l 999) Evidence for an interaction of the 

metalloprotease-disintegrin tumour necrosis factor alpha convertase (TACE) with 

mitotic arrest deficient 2 (MAD2), and of the metalloprotease-disintegrin MDC9 

with a nove! MAD2-related protein, MAD2beta. Biochem. J. 343 Pt 3:673-80. 

Ortmann D, Ohuchi M, Angliker H, Shaw E, Garten W, Klenk HD. (1994) Proteolytic 

cleavage of wild type and mutants of the F protein of human parainfluenza virus 

type 3 by two subtilisin-like endoproteases, furin and Kex2. J. Virol. 68:2772-2776. 

Oualikene W, Lamoureux L, Weber JM, Massie B. (2000) Protease-deleted adenovirus 

vectors and complementing cell lines: potential applications of single-round 

replication mutants for vaccination and gene therapy. Hum. Gene Ther. Il : l 341-

53. 

Owen MC, Brennan SO, Lewis JH, Carrell RW. (1983) Mutation of antitrypsin to 

antithrombin. alpha l-antitrypsin Pittsburgh (358 Met leads to Arg), a fatal bleeding 

disorder. N. Engl. J. Med. 309:694-698. 



97 

Peschon JJ, Slack JL, Reddy P, Stocking KL, Sunnarborg SW, Lee DC, et al. (1998) An 

Essential Role for Ectodomain Shedding in Mammalian Development. Science 

282:1281-1284. 

Potempa J, Korzus E, Travis J. ( 1994) The serpin superfamily of proteinase inhibitors: 

structure, function, and regulation. J. Bio/. Chem. 269:15957-15960. 

Raabe T, Bukrinski M, Currie RA. ( 1998) Relative contribution of transcription and 

translation to the induction of tumor necrosis factor-alpha by lipopolysaccharide. J. 

Bio/. Chem. 273:974-980. 

Rawlings ND, Barrett AJ. (1993) Evolutionary families of peptidases. Biochem. J. 

290:205-218. 

Rawlings ND, Barrett AJ. Evolutionary families of metallopeptidases. In: Barrett AJ, 

editor. Proteolytic Enzymes: Aspartic and Metallo Peptidases. 1995: 183-228. 

Reddy P, Slack JL, Davis R, Cerretti DP, Kozlosky CJ, Blanton RA, et al. (2000) 

Functional analysis of the domain structure of tumor necrosis factor-a converting 

enzyme. J. Bio/. Chem. 27S:14608-14614. 

Rio C, Buxbaum JO, Peschon JJ, Corfas G. (2000) Tumor necrosis factor-a-converting 

enzyme is required for cleavage of erb84/HER4. J. Bio/. Che m. 27S: l03 79-10387. 



98 

Rodriguez-Manzaneque JC, Milchanowski AB, Dufour EK, Leduc R, Iruela-Arispe ML. 

(2000) Characterization of METH-1/ ADAMTS l processing reveals two distinct 

active fonns. J. Bio/. Chem. 27S:33471-33479. 

Roghani M, Becherer JO, Moss ML, Atherton RE, Erdjument-Bromage H, Arribas J, et al. 

( 1999) Metalloprotease-disintegrin MDC9: intracellular maturation and catalytic 

activity. J. Bio/. Chem. 274:3531-3540. 

Rosendahl MS, Ko SC, Long DL, Brewer MT, Rosenzweig B, Hedi E, et al. (1997) 

Identification and characterization of a pro-tumor necrosis factor-alpha-processing 

enzyme from the ADAM family of zinc metalloproteases. J. Bio/. Chem. 

272:24588-93. 

Rouillé Y, Duguay SJ, Lund K, Furuta M, Gong Q, Lipkind G, et al. ( 1995) Proteolytic 

processing mechanisms in the biosynthesis of neuroendocrine peptides: the 

subtilisin-like proprotein convertases. Front. Neuroendocrino/. 16:322-361. 

Rovida E, Paccagnini A, Del Rosso M, Peschon J, Dello Sbarba P. (2001) TNF-alpha-

converting enzyme cleaves the macrophage colony-stimulating factor receptor in 

macrophages undergoing activation. J. lmmuno/. 166:1583-1589. 



99 

Rozanov DV, Deryugina El, Ratnikov BI, Monosov EZ, Marchenko GN, Quigley JP, et al. 

(200 l) Mutation analysis of membrane type-1 matrix metalloproteinase (MT 1-

MMP). The role of the cytoplasmic tail Cys(574), the active site Glu(240), and furin 

cleavage motifs in oligomerization, processing, and self-proteolysis of MT 1-MMP 

expressed in breast carcinoma cells. J. Bio/. Chem. 276:25705-25714. 

Sato H, Kinoshita T, Takino T, Nakayama K, Seiki M. (1996) Activation of a recombinant 

membrane type 1-matrix metalloproteinase (MT 1-MMP) by furin and its interaction 

with tissue inhibitor of metalloproteinases (TIMP)-2. FEBS lett. 393: l O 1-104. 

Sato H, Takino T, Okada Y, Cao J, Shinagawa A, Yamamoto E, et al. (1994) A matrix 

metalloproteinase expressed on the surface of invasive tumour cells. Nature 

370:61-65. 

Schafer MK, Day R, Cullinan WE, Chretien M, Seidah NG, Watson SJ. (1993) Gene 

expression of prohormone and proprotein convertases in the rat CNS: a comparative 

in situ hybridization analysis. J. Neurosci. 13:1258-1279. 

Schafer W, Stroh A, Berghofer S, Seiter J, Vey M, Kruse ML, et al. (1995) Two 

independent targeting signais in the cytoplasmic domain determine trans-Golgi 

network localization and endosomal trafficking of the proprotein convertase furin. 

EMBO J. 14:2424-2435. 



100 

Schalken JA, Roebroek AJ, Oomen PP, Wagenaar SS, Debruyne FM, 8loemers HP, et al. 

( 1987) fur gene expression as a discriminating marker for small cell and nonsmall 

cell lung carcinomas. J. Clin. Invest. 80: 1545-1549. 

Schlôndorff J, 8echerer ID, 8lobel CP. (2000) Intracellular maturation and localization of 

the tumor necrosis factor a convertase (TACE). Biochem. J. 347:131-138. 

Seandel M, Noack-Kunnmann K, Zhu D, Aimes RT, Quigley JP. (2001) Growth factor-

induced angiogenesis in vivo requires specific cleavage of fibrillar type I collagen. 

Blood 97:2323-32. 

Seidah NG, Chretien M, Day R. (1994) The family of subtilisin/kexin like pro-protein and 

pro-hormone convertases: divergent or shared functions. Biochimie 76: 197-209. 

Seidah NG, Hamelin J, Mamarbachi M, Dong W, Tardos H, Mbikay M, et al. ( 1996) cDNA 

structure, tissue distribution, and chromosomal localization of rat PC7, a nove! 

mammalian proprotein convertase closest to yeast kexin-like proteinases. Proc. 

Nat/. Acad. Sei. USA 93:3388-3393. 

Seidah NG, Mowla SJ, Hamelin J, Mamarbachi AM, Benjannet S, Toure 88, et al. ( 1999) 

Mammalian subtilisin/kexin isozyme SKI-1: A widely expressed proprotein 

convertase with a unique cleavage specificity and cellular localization. Proc. Nat/. 

Acad. Sei. USA 96: 1321-1326. 



101 

Seidah NG, Chrétien M. ( 1997) Eukaryotic protein processing: endoproteolysis of 

precursor proteins. Curr. Opin. Biotechnol. 8:602-607. 

Seidah NG, Day R, Hamelin J, Gaspar A, Collard MW, Chrétien M. ( 1992) Testicular 

expression of PC4 in the rat : molecular diversity of a novel germ cell-specific 

Kex2/subtilisin-like proprotein convertase. Mol. Endocrino/. 6: 1559-1570. 

Seidah NG, Gaspar L, Marcinkiewicz M, Mbikay M, Chrétien M. ( 1990) cDNA sequence 

of two distinct pituitary proteins homologous to Kex2 and Furin gene products : 

tissue-specific mRNAs encoding candidates for pro-hormone processing 

proteinases. DNA Cel/ Bio/. 9:415-424. 

Seidah NG, Marcinkiewicz M, Gaspar L, Beaubien G, Mattei MG, Lazure C, et al. ( 1991) 

Cloning and primary sequence of a mouse candidate pro-hormone convertase PC l 

homologous to PC2, Furin and Kex2 : Distinct chromosomal localization and 

mRNA distribution in brain and pituitary as compared to PC2. Mol. Endocrinol. 

S:111-122. 

Shapiro J, Sciaky N, Lee J, Bosshart H, Angeletti RH, Bonifacino JS. ( 1997) Localization 

of endogenous furin in cultured cell lines. J. Histochem. Cytochem. 4S:3-12. 

Shull MM, Ormsby I, Kier AB, Pawlowski S, Diebold RJ, Yin M, et al. (1992) Targeted 

disruption of the mouse transforming growth factor beta-1 gene results in multifocal 

inflammatory disease. Nature 3S9:693-699. 



102 

Shurety W, Merino-Tringo A, Brown D, Hume DA, Stow JL. (2000) Localization and post-

Golgi trafficking of tumor necrosis factor-a in macrophages. J. lnterferon Cytokine 

Res. 20:427-438. 

Siezen RJ, Creemers JW, Van de Ven WJ. (1994) Homology modelling of the catalytic 

domain of human furin. A model for the eukaryotic subtilisin-like proprotein 

convertases. Eur. J. Biochem. 222:255-266. 

Siezen RJ, De Vos WM, Leunissen J, Dijkstra BW. (1991) Homology modeling and 

protein engineering strategy of subtilases, the family of subtilisin-like serine 

proteases. Protein Eng. 4:719-737. 

Siezen RJ, Leunissen JA. ( 1997) Subtilases: the superfamily of subtilisin-like serine 

proteases. Protein Sei. 6:501-23. 

Skovronsky DM, Moore DB, Milla ME, Doms RW, Lee VM. (2000) Protein kinase C-

dependent alpha-secretase competes with beta-secretase for cleavage of amyloid-

beta precursor protein in the trans-golgi network. J. Bio/. Chem. 27S:2568-2575. 

Smeekens SP, Avruch Anthony S., LaMendola J, Shu Jin Chan, Steiner DF. (1991) 

Identification of a cDNA encoding a second putative prohonnone convertase related 

to PC2 in AtT20 cells and islets of Langerhans. Proc. Nat/. Acad. Sei. USA 88:340-

344. 



103 

Smeekens SP, Steiner DF. (1990) Identification of a Human Insulinoma cDNA Encoding a 

Novel Mammalian Protein Structurally Related to the Yeast Dibasic Processing 

Protease Kex2. J. Bio/. Chem. 265:2997-3000. 

Solomon KA, Covington MB, DeCicco CP, Newton RC. (1997) The fate of pro-TNF-alpha 

following inhibition of metalloprotease-dependent processing to soluble TNF-alpha 

in human monocytes. J. Immuno/. 159:4524-453 l. 

Solomon KA, Pesti N, Wu G, Newton RC. (1999) A dominant negative form of TNF-a 

converting enzyme inhibits proTNF and TNFRII secretion. J. Immunol. 163:4105-

4108. 

Sprecher CA, Morgenstern KA, Mathewes S, Dahlen JR, Schrader SK, Foster DC, et al. 

( 1995) Molecular cloning, expression, and partial characterization of two novel 

members of the ovalbumin family of serine proteinase inhibitors. J. Bio/. Chem. 

270:29854-2986 l. 

Springman EB, Angleton EL, Birkedal-Hansen H, Van Wart HE. (1990) Multiple modes of 

activation of latent human fibroblast collagenase: evidence for the rote of a Cys73 

active site zinc complex in latency and a "cysteine switch". Proc. Nat/. Acad. Sei. 

USA 87:364-368. 

Steiner DF, Cunningham D, Spigelman L, Aten B. (1967) Insulin biosynthesis: evidence 

for a precursor. Science 157:697. 



104 

Stocker W, Grams F, Baumann U, et al. (l 995) The metzincins - topological and 

sequential relations between the astacins, adamalysins, serralysins, and matrixins 

(collagenases) define a superfamily of zinc-peptidases. Protein Sei. 4:823-840. 

Stocker W, Bode W. ( 1995) Structural features of a superfamily of zinc-endopeptidases: the 

metzincins. Curr. Opin. Stn,ct. Bio/. S:383-390. 

Strongin A Y, Collier 1, Bannikov G, Manner BL, Grant GA, Goldberg GI. ( 1995) 

Mechanism of cell surface activation of 72-kDa type IV collagenase. Isolation of 

the activated fonn of the membrane metalloprotease. J. Bio/. Chem. 270:5331-

5338. 

Takahashi S, Hatsuzawa K, Watanabe T, Murakami K, Nakayama K. (l 994) Sequence 

requirements for endoproteolytic processing of precursor proteins by furin: 

transfection and in vitro experiments. J. Biochem. 116:47-52. 

Takahashi S, Kasaï K, Hatsuzawa K, Kitamura N, Misumi Y, lkehara Y, et al. (1993) A 

mutation of furin causes the lack of precursor-processing activity in human colon 

carcinoma LoVo cells. Biochem. Biophys. Res. Commun. 195:1019-1026. 

Takahashi S, Nakagawa T, Banno T, Watanabe T, Murakami K, Nakayama K. (1995a) 

Localization of furin to the trans-Golgi network and recycling from the cell surface 

involves Ser and Tyr residues within the cytoplasmic domain. J. Bio/. Chem. 

270:28397-2840 l. 



105 

Takahashi S, Nakagawa T, Kasaï K, Banno T, Duguay SJ, Van de Ven WJ, et al. (1995b) A 

second mutant allele of furin in the processing-incompetent cell line, LoVo. 

Evidence for involvement of the homo B domain in autocatalytic activation. J. Bio/. 

Chem. 270:26565-26569. 

Thomas G, Thome BA, Thomas L, Allen RG, Hruby DE, Fuller RS, et al. (1988) Yeast 

KEX2 Endopeptidase Correctly Cleaves a Neuroendocrine Prohorrnone in 

Mammalian Cells. Science 241:226-230. 

Thorbecke GJ, Shah R, Leu CH, Kuruvilla AP, Hardison AM, Palladino MA. ( 1992) 

Involvement of endogenous tumor necrosis factor alpha and transforrning growth 

factor beta during induction of collagen type II arthritis in mice. Proc. Nat/. Acad. 

Sei. USA 89:7375-7379. 

Torii S, Yamagishi T, Murakami K, Nakayama K. (1993) Localization of Kex2-like 

processing endoproteases, furin and PC4, within mouse testis by in situ 

hybridization. FERS lett. 316: 12-16. 

Toure 88, Munzer JS, Basale A, Benjannet S, Rochemont J, Lazure C, et al. (2000) 

Biosynthesis and enzymatic characterization of human SKI-1/S I P and the 

processing of its inhibitory prosegment. J. Bio/. Chem. 27S:2349-2358. 

Trabandt A, Aicher WK, Gay RE, Sukhatme VP, Fassbender HG, Gay S. (1992) 

Spontaneous expression of immediately early response genes c-fos and egr-1 in 

collagenase-producing rheumatoid synovial fibroblasts. Rheumatol. /nt. 12:53-59. 



106 

Trabandt A, Aicher WK. Gay RE, Sukhatme VP, Nilson-Hamilton M, Hamilton RT, et al. 

(1990) Expression of the collagenolytic and ras-induced cysteine proteinase 

cathepsin L and proliferation-associated oncogenes in synovial cells of MLR/ I mice 

and patients with rheumatoid arthritis. Matrix 10:349-36 l. 

Tracey KJ, Cerami A. (1993) Tumor necrosis factor: an updated review of its biology. 

Crit. Care Med. 21:S415-22. 

Van den Ouweland AM, Van Duijnhoven HL, Keizer GD, Dorssers LC, Van de Ven WJ. 

( 1990) Structural homology between the human fur gene product and the subtilisin-

like protease encoded by yeast KEX2. Nucleic Acids Res. 18:664. 

Van Rompaey L, Ayoubi T, Van De Ven W, Marynen P. (1997) Inhibition of intracellular 

proteolytic processing of soluble proproteins by an engineered alpha 2-

macroglobulin containing a furin recognition sequence in the hait region. Biochem. 

J. 326 :507-514. 

Vepa S, Scribner WM, Natarajan V. ( 1997) Activation of endothelial cell phospholipase d 

by polycations. Am. J. Physiol. 272:L608-613. 

Vey M, Schafer W, Reis B, Ohuchi R, Britt W, Garten W, et al. (l 995) Proteolytic 

processing of human cytomegalovirus glycoprotein B (gpUL55) is mediated by the 

human endoprotease furin. Viro/ogy 206:746-749. 



107 

Vincent B, Paitel E, Saftig P, Frobert Y, Hartmann D, De Strooper 8, et al. (2001) The 

disintegrins ADAM l 0 and T ACE contribute to the constitutive and phorbol ester-

regulated normal cleavage of the cellular prion protein. J. Bio/. Chem. 276:37743-

37746. 

Vindrola 0, Mayer AM, Citera G, Spitzer JA, Espinoza LR. (1994) Prohormone 

convertases PC2 and PC3 in rat neutrophils and macrophages. Parallel changes with 

proenkephalin-derived peptides induced by LPS in vivo. Neuropeptides 27:235-

244. 

Voorhees P, Deignan E, van Donselaar E, Humphrey J, Marks MS, Peters PJ, et al. (1995) 

An acidic sequence within the cytoplasmic domain of furin functions as a 

determinant of trans-Golgi network localization and internalization from the cell 

surface. EMBOJ. 14:4961-4975. 

Wahl SM, Allen JB, Costa GL, Wong HL, Dasch J. R. (1993) Reversai of acute and 

chronic synovial inflammation by anti-transforming growth factor beta. J. Exp. 

Med. 177:225-230. 

Watanabe T, Murakami K, Nakayama K. (1993) Positional and additive effects of basic 

amino acids on processing of precursor proteins within the constitutive secretory 

pathway. FEBS lett. 320:215-218. 



108 

Watanabe T, Nakagawa T, lkemizu J, Nagahama M, Murakami K, Nakayama K. (1992) 

Sequence requirements for precursor cleavage within the constitutive secretory 

pathway. J. Bio/. Chem. 267:8270-8274. 

Waters SI, White JM. (1997) Biochemical and molecular characterization of bovine 

fertilin-a and (ADAM I and ADAM 2): a candidate sperrn-egg binding/fusion 

complex. Bio/. Reprod. 56: 1245-1254. 

Weaver LH, Kester WR, Mathews B. W. (1977) A crystallographic study of the complex of 

phosphoramidon with thermolysin. A model for the presumed catalytic transition 

state and for the binding of extended substances. J. Mol. Bio/. 114: 119-132. 

Wells JA, Estell DA. (1988) Subtilisin - an enzyme designed to be engineered. Trends. 

Bio/. Sei. 13:291-297. 

Whittaker M, Ayscough A. (200 l) Matrix metalloproteinases and their inhibitors - Current 

status and Future Challenges. Cel/transmissions 17:3-14. 

Will H, Atkinson SJ, Butler GS, Smith B, Murphy G. (1996) The soluble catalytic domain 

of membrane type l matrix metalloproteinase cleaves the propeptide of 

progelatinase A and initiates autoproteolytic activation. Regulation by TIMP-2 and 

TIPM-3. J. Bio/. Chem. 271:17119-17123. 

Wolfsberg TG, White JM. (1996) ADAMs in fertilization and development. Dev. Bio/. 

180:389-40 l. 



109 

Wouters S, Leruth M, Decroly E, Vandenbranden M, Creemers JW, van de Loo JW, et al. 

( 1998) Furin and proprotein convertase 7 (PC7)/lymphoma PC endogenously 

expressed in rat liver can be resolved into distinct post-Golgi compartments. 

Biochem. J. 336 ( Pt 2):311-6. 

Yamamoto M, Mohanam S, Sawaya R, Fuller GN, Seiki M, Sato H, et al. (1996) 

Differential expression of membrane-type matrix metalloproteinase and its 

correlation with gelatinase A activation in human malignant brain tumors in vivo 

and in vitro. Cancer Res. 56:384-392. 

Yuan R, Primakoff P, Myles DG. ( 1997) A role for the disintegrin domain of cyritestin, a 

sperm surface protein belonging to the ADAM family, in mouse sperm-egg plasma 

membrane adhesion and fusion. J. Cel/ Bio/. 137: 105-112. 

Zhang XP, Kamata T, Yokoyama K. (1998) Specific interaction of the recombinant 

disintegrin-like do main of MDC-15 ( metargidin, ADAM-15) with integrin avl33· J. 

Bio/. Chem. 273:7345-7350. 

Zhang Y, Jiang J, Black RA, Baumann G, Frank SJ. (2000) Tumor necrosis factor-alpha 

converting enzyme (T ACE) is a growth hormone binding protein (GHBP) sheddase: 

the metalloprotease T ACE/ ADAM-17 is critical for (PMA-induced) GH receptor 

proteolysis and GHBP generation. Endocrino/ogy 141:4342•4348. 



110 

Zhang Z, Oliver P, Lancaster JR JR, Schwarzenberger PO, Joshi MS, Cork J, et al. (2001a) 

Reactive oxygen species mediate tumor necrosis factor alpha-converting, enzyme-

dependent ectodomain shedding induced by phorbol myristate acetate. FASEB J. 

15:303-5. 

Zhang Z, Bagby GJ, Stoltz D, Oliver P, Schwarzenberger PO, Kolls JK. (2001b) Prolonged 

Ethanol Treatment Enhances Lipopolysaccharide/Phorbol Myristate Acetate-

lnduced Tumor Necrosis Factor- Production in Human Monocytic Cells. Alcoho/ 

Clin. Exp. Res. 25:444-449. 

Zhang Z, Kolls JK, Oliver P, Good D, Schwarzenberger PO, Joshi MS, et al. (2000) 

Activation of tumor necrosis factor-a-converting enzyme-mediated ectodomain 

shedding by nitric oxide. J. Bio/. Chem. 275: 15839-15844. 

Zhang Z, Oliver P, Lancastner JRJr, Schwarzenberger PO, Joshi MS, Cork J, et al. (2001) 

Reactive oxygen species mediate tumor necrosis factor alpha-converting, enzyme-

dependent ectodomain shedding induced by phorbol myristate acetate. F ASEB J. 

15:303-305. 

Zhao J, Chen H, Wang YL, Warburton D. (2001a) Abrogation of tumor necrosis factor-

alpha converting enzyme inhibits embryonic lung morphogenesis in culture. /nt. J. 

Dev. Bio/. 45:623-631. 



111 

Zhao J, Chen H, Peschon JJ, Shi W, Zhang Y, Frank SJ, et al. (2001b) Pulmonary 

hypoplasia in mice lacking tumor necrosis factor-a converting enzyme indicates an 

indispensible role for cell surface protein shedding during embryonic lung 

branching morphogenesis. Dev. Bio/. 232 :204-218. 

Zheng M, Seidah NG, Pintar JE. ( 1997) The developmental expression in the rat CNS and 

peripheral tissues of proteases PC5 and PACE4 mRNAs: comparison with other 

proprotein processing enzymes. Dev. Bio/. 181:268-83. 

Zheng M, Streck RD, Scott RE, Seidah NG, Pintar JE. ( 1994) The developmental 

expression in rat of proteases furin, PC l, PC2, and carboxypeptidase E: implications 

for early maturation of proteolytic processing capacity. J. Neurosci. 14:4656-4673. 

Zhong M, Benjannet S, Lazure C, Munzer S, Seidah NG. ( 1996) Functional analysis of 

human PACE4-A and PACE4-C isoforms: identification of a new PACE4-CS 

isoform. FEBS Lett. 396:31-36. 

Zhu X, Lamango NS, Lindberg 1. ( 1996a) lnvolvement of a polyproline helix-like structure 

in the interaction of 7B2 with prohormone convertase 2. J. Bio/. Chem. 271 :23582-

23587. 

Zhu X, Rouillé Y, Lamango NS, Steiner DF, Lindberg 1. (1996b) Internai cleavage of the 

inhibitory 7B2 peptide fragment. Proc. Nat/. Acad. Sei. USA 93:4919-4924. 



112 

Zimmer G, Budz L, Herrler G. (200 l) Proteolytic activation of respiratory syncytial virus 

fusion protein. Cleavage at two furin consensus sequences. J. Bio/. Chem. 

276:31642-31650. 




