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Proteins destined for secretion - after removal of the signal sequence - often undergo further proteolytic processing by proprotein convertases (PCs). Prohormones are typically processed in the regulated secretory pathway, while most plasma proteins travel though the constitutive pathway. The complement system is a major proteolytic cascade in the blood, serving as a first line of defense against microbes and also contributing to the immune homeostasis. Several complement components, namely C3, C4, C5 and factor I (FI), are multi-chain proteins that are apparently processed by PCs intracellularly. Cleavage occurs at consecutive basic residues and probably also involves the action of carboxypeptidases. The most likely candidate for the intracellular processing of complement proteins is furin, however, because of the overlapping specificities of basic amino acid residue-specific proprotein convertases, other PCs might be involved. To our surprise, we have recently discovered that processing of another complement protein, mannan-binding lectin-associated serine protease-3 (MASP-3) occurs in the blood by PCSK6 (PACE4). A similar mechanism had been described for the membrane protease corin, which is also activated extracellularly by PCSK6. In this review we intend to point out that the proper functioning of the complement system intimately depends on the action of proprotein convertases. In addition to the non-enzymatic components (C3, C4, C5), two constitutively active complement proteases are directly activated by PCs either intracellularly (FI), or extracellularly (MASP-3), moreover indirectly, through the constitutive activation of pro-factor D by MASP-3, the activity of the alternative pathway also depends on a PC present in the blood.
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Synopsis of The Complement System

The complement system (Figure 1A) is an integral part of the immune system. It is the most powerful molecular effector arm of the innate immune system, but it is also connected to the adaptive immunity in many ways [for reviews see (1–4)]. The most important components of the complement system are serine proteases (Figure 1B), which form a proteolytic cascade system (5). Other components include pattern recognition molecules (C1q, MBL, ficolins), the thioester-containing molecules (C3, C4), the components of the membrane attack complex (C5, C6, C7, C8, C9), membrane-bound receptors and regulators, and fluid-phase regulators. These proteins act in synergy to monitor surfaces, and to label and eliminate invading pathogen microbes or damaged or altered self-cells. Because of the cascade-like manner of complement activation the initial activation signal is amplified tremendously and results in a highly efficient cytotoxic effect and in releasing potent inflammation-promoting proteolytic fragments (e.g. anaphylatoxins). The activity of the complement system is regulated in many ways to avoid self-tissue damage and to focus the complement-mediated damage to the pathogens. Uncontrolled, excessive activation of the complement system could result in or contribute to the development of many serious diseases [for reviews see (6–8)].




Figure 1 | The complement system and properties of its proteases. (A) Overview of the complement system. The three activation routes, the amplification loop, and the terminal pathway are described in the text, and this panel is intended to aid the reader as a guide. Asterisks indicate active proteases. (B) Categories of complement proteases by activation status. Green and red shading indicates the two main categories. Typical serine proteases are synthesized in the proenzyme form, and remain proenzymic until a they are cleaved into the active form following a trigger. In the complement system C1r, C1s, MASP-1, and MASP-2 fall into this category. Among these, C1r and MASP-1 can efficiently autoactivate. MASP-3, FD, and FI, are present predominantly (or completely) in the active form in the blood, however they have very narrow substrate specificities. C2 and FB are special cases, because they gain a transient activity following cleavage as parts of the C4bC2a, or the C3bBb complex.



Depending on the activation-surface the complement cascade can be activated through three different pathways: the classical, the lectin, and the alternative pathways (Figure 1A). Immune complexes are the most powerful activators of the classical pathway. C1q binds to the IgG or IgM components of the immune complexes which results in the activation of the C1r and C1s serine proteases (9, 10). One C1q molecule with two C1r and two C1s molecules form the C1 complex (11). C1s is the executive protease of the C1 complex. It cleaves the subsequent components of the classical pathway: C4 and C2. The bigger proteolytic fragment of C4, C4b binds to the surface through an ester or amid bound and captures C2, the serine protease component of the classical pathway C3-convertase enzyme complex. C4b-bound C2 is cleaved and activated by C1s, yielding the C4bC2a complex.

The activation of the lectin pathway generates the same C3 convertase complex as the classical pathway. In the lectin pathway there are various pattern recognition molecules (MBL, ficolins, collectins) that are associated with the serine protease components MASPs (12). Upon the pattern recognition molecules bind to the carbohydrate pattern on the surface of the bacteria, MASP-1 autoactivates and activates MASP-2 (13). MASP-2 cleaves C4, while C2 is cleaved by both MASP-1 and MASP-2 generating the C4b2a convertase complex. Regardless of the activation route, C3 is cleaved by the C3 convertase complexes into two pieces. The bigger fragment, C3b binds to the activation surface like C4b, while the smaller fragment, the anaphylatoxin C3a is released to the circulation.

The alternative pathway initiates when C3b appears on the activation surface (14). C3b captures FB and the C3b-bound FB is cleaved by FD. FD is continuously cleaved by MASP-3 in the blood, even before the advent of any activation signal. C3bBb is the alternative pathway C3 convertase, which cleaves more C3b resulting in generation of more C3 convertase complexes. This positive feed-back mechanism ensures the amplification of the complement activation initiated by either the classical or the alternative pathway (15). The alternative pathway can also be initiated on its own through the so-called “tick-over” mechanism (16). C3 slowly hydrolyses in the circulation and the resulting C3(H2O) resembles to C3b. C3(H2O) binds FB, which is cleaved by FD. C3(H2O)Bb is a fluid phase C3 convertase which can generate C3b near any surface. The surfaces of the self-cells are protected by different complement inhibitors against complement-mediated damage. On the unprotected surfaces (e.g. bacterial surface), however, the deposited C3b initiates the amplification loop of the alternative pathway leading to full-scale complement activation.

When the density of the deposited C3b reaches a certain point the specificity of the C3 convertase complexes switches to C5 (17, 18), which are traditionally regarded as the C5 convertases (C4b2aC3bn, C3bBbC3bn). From this point the three activation pathways continue in a common terminal pathway. The smaller proteolytic fragment of C5, C5a is an extremely potent anaphylatoxin. The larger proteolytic fragment, C5b, binds C6 and C7. The C5b-7 complex associates with the membrane of the invaded cells and captures C8 and multiple C9 molecules (19). After conformational changes the C5b-9 complex forms a pore on the cell membrane resulting in the lysis and destruction of the target cell.

Since the complement system is potentially dangerous to the host, there are various mechanisms to control complement activity. The activity of the serine proteases of the complement system is regulated by two ways. The first way is zymogen activation. Most of the serine proteases of the complement system are synthetized and secreted as inactive zymogens (5). Activation during the cascade reaction occurs through limited proteolysis. The one-chain zymogen molecule is cleaved at the activation peptide, and the resulting two-chain molecule has the full proteolytic activity. The logic behind the amplification power of the proteolytic cascade systems lies in that each active serine protease cleaves and activates multiple zymogen molecules downstream the cascade. In this way an exponential amplification scheme ensures the efficient answer against the initial stimulus. The other proteolytic cascade systems in the blood (e.g. blood coagulation, fibrinolysis) work on the same principle (20). These cascade systems are evolutionary and functionally closely related and there are many cross-talks between them. Probably the most interesting step in the cascade reaction is the first proteolytic step, which is an autoactivation in the case of the classical and the lectin pathway. In this case the “inactive” zymogen molecule has some low proteolytic activity, that is enough to activate another zymogen molecule. The resulting active protease then activates more zymogen molecules with high efficiency. C1r in the classical pathway and MASP-1 in the lectin pathway have pronounced autoactivation capacity (Figure 1B). MASP-2 also can autoactivate, however, it takes place only in high concentration and after prolonged incubation (21). This is not the physiological case; in order to get a quick and efficient lectin pathway activation MASP-1 autoactivates and cleaves zymogen MASP-2 (13). Interestingly, active MASP-2 cleaves zymogen MASP-1 more efficiently, than zymogen MASP-2 (22). Zymogen C1s has no autoactivation ability, it is cleaved exclusively by C1r. The serine proteases of the C3/C5 convertase complexes, C2 and FB, also cannot autoactivate. C2 is activated by C1s, MASP-1, or MASP-2, while FB is activated by FD. Surprisingly, there are three serine proteases of the complement system which are present in cleaved, processed form in the circulation: MASP-3, FI and FD (Figure 1B). As we will see in the following sections these proteases are processed quite differently. MASP-3 and FD are present predominantly in cleaved form in the blood, however zymogen molecules were also detected in low concentrations (23, 24). FI is fully converted. In the case of these proteases proteolytic processing alone does not ensure proteolytic activity. In the case of the FD and FI the cleaved molecules do not have the conformation necessary for proteolytic activity (25, 26). They are present in a distorted conformation, and the fully active conformation is induced by the substrate. These proteases have very narrow substrate specificity. FD cleaves only C3b-bound FB. The proconvertase complex, C3bB, binds FD and induces the conformational change in the molecule to get full proteolytic activity (27). FI can cleave C3b and C4b but only in the presence of cofactors (FH for C3b, C4BP for C4b, MCP or CR1 for both). FI gains the proteolytic conformation in the C3b/C4b-cofactor-FI ternary complex (28). There is no experimental 3D structure of empty activated MASP-3 protease, but we cannot rule out that its structure is distorted, like that of FD and FI. The only proven physiological substrate of MASP-3 is pro-FD. Another substrate might exist, since MASP-3 has a role in the development. Lack of MASP-3 activity results in the development of 3MC (Malpuech-Michels-Mingarelli-Carnevale) syndrome (29, 30).

Another way of regulation is mediated by inhibitors. The most important fluid-phase inhibitors of the serine proteases of the serum cascade systems are the serpins (31, 32). C1-inhibitor inhibits C1r, C1s, MASP-1 and MASP-2 (33). The serpins are “suicide-inhibitors”; they make stable covalent complex with the active serine proteases and prevents them to cleave more substrate. The serpin-serine protease complex is then removed from the circulation. Antithrombin is a major inhibitor of thrombin, but it is an efficient inhibitor of MASP-1, as well, especially in the presence of heparin (34). Intriguingly, the three “pre-cleaved” proteases, MASP-3, FD and FI, have no known physiological inhibitor. These proteases are regulated through their narrow substrate specificity and through the substrate induction. Active C2 (C2a) and FB (Bb) also lack fluid phase inhibitors. The convertases are labile complexes; C2a and Bb can easily dissociate from them. Once dissociated, C2a and Bb cannot re-associate with C4b and C3b, respectively. The dissociation is facilitated by different factors on the cell membrane (35). Interestingly there is a positive regulator of the complement activation, properdin, which stabilizes the alternative pathway C3 convertase (C3bBb), but not the classical/lectin pathway C3 convertase (C4b2a) (36, 37).

It is also important from a regulatory point of view that the activated complement proteins react very quickly before inactivation occurs. This mechanism ensures, that the complement activation takes place locally, preferably on the surface of the pathogens, and not systemically. For example, C3 and C4 contain a reactive thioester bond. After convertase-mediated cleavage, the thioester bond becomes exposed and makes an ester or amid bond on the surface of the target cell (38). If the C3b or C4b cannot reach the cell surface in time, it will react with water (hydrolysis) and cannot attach to surface any more. In this way only the target cell will be destroyed by the complement-mediated attack and the probability of the bystander lysis will be very low. The formation of the membrane attack complex is also regulated. Vitronectin is competing with the membrane binding of C5b-7 complex and prevents its insertion into the membrane (39). Clusterin is also a regulator of membrane attack complex formation (40).

Most of the complement components are synthetized in the liver. There are several exceptions: C1q and properdin are synthesized mainly by leucocytes, FD is expressed almost exclusively by adipose tissue (41). It is interesting that MASP-1 and MASP-3 are the alternative splice products of the MASP1 gene, but their expression pattern is different. MASP-1 is produced in the liver, while MASP-3 expression was also detected in several extra-hepatic tissues, such as colon, heart and skeletal muscle (42). Local production of complement proteins can also occur in various other tissues including the eye and the kidney, which may contribute to complement-mediated diseases affecting these organs (43, 44).



Brief Introduction To Mammalian Proprotein Convertases

The story of proprotein convertases (PCs) goes back to the proteolytic processing of pro-insulin, and the discovery of the homology between the yeast protease kexin (KEX2) and its mammalian counterpart furin (45, 46). In this paper we do not wish to review proprotein convertases comprehensively, because there are excellent reviews published in this subject e.g (47–50).. On the other hand, we intend to provide a brief list of the human (mammalian) enzymes (Table 1), their function, tissue distribution, and substrate specificity, because it will aid us to categorize PCs that may be required for the processing of certain complement proteins.


Table 1 | Human (mammalian) proprotein convertase genes and major protein variants.



It had been known that the two-chain mature insulin, held together by disulfide bridges, is synthetized as a single chain polypeptide pre-pro-insulin (45, 47, 51). After removal of the signal peptide, the first cleavage is performed by PC1 (aka PC3) and the second by PC2 in the secretory granules. The remaining polybasic residues are removed by carboxypeptidases. PC1 and PC2 are confined to neuroendocrine and endocrine cells, where they act as the major processing enzymes in the regulated secretory pathway of peptide hormones. Because of their roles in pro-hormone processing PCs were initially called prohormone convertases. On the other hand, because of their location PC1 and PC2 are unlikely to act on complement proteins in vivo, and this is also true for PC4 (PCSK4).

The first mammalian PC to be identified was furin, when it became evident that it is homologous to the yeast enzyme kexin. The serine protease domain of furin and kexin belongs to the subtilisin fold, giving rise to the name: proprotein convertase pubtilisin/kexin (PCSK). Furin is probably the best characterized of all PCs. It preferentially cleaves after R-X-K/R-R↓ sequence (where X represents any amino acid), but often it cleaves after the less optimal R-X-X-R↓, or K/R-X-X-X-K/R-R↓ sequences (48). Trafficking of furin is also well characterized, and serves as an example for other PCs. After translocation to the endoplasmic reticulum (ER) and removal of the signal peptide it is anchored to the cell membrane through its C-terminal transmembrane segment. The first autocatalytic cleavage occurs in the ER at neutral pH between the pro-domain and the serine protease domain. The prodomain still associates with the serine protease domain inhibiting furin. The second, slower cleavage occurs within the prodomain at moderately acidic pH in the trans-Golgi network (TGN), secretory vesicles and endosomes, resulting in a fully active enzyme (48, 52). Most furin substrates are processed in these compartments during the constitutive secretory pathway. Membrane bound furin also appears on the cell surface, where it can process several substrates, e.g. viral proteins (50). Furin recycles between the cell surface and the TGN via early endosomes. Soluble extracellular furin has been described via shedding, and furin can also act in the secretory granules of the regulated secretory pathway. To sum up, furin is active in many compartments, therefore it is generally considered as the major proprotein processing enzyme.

In this review we will use the abbreviation of BAR-PC (basic amino acid residue-specific proprotein convertase), having the general recognition sequence of K/R-Xn-K/R↓ (where n=0,2,4,6), which typically, but not always contains consecutive (paired) basic amino acid residues (53). Seven genes encode for BAR-PCs and two for PCs that cleave after non-basic residues (Table 1). BAR-PCs recognize quite similar sequences therefore some degree of redundancy is possible between the members. In addition to the slightly different preferred sequences, their intracellular trafficking, differential expression in tissues, and the site of their activation can be the determining factors for the substrate specificity of a certain BAR-PC in vivo. In general, spatial segregation largely determines the unique features of PCs (54). It is important to note that PCs, like other enzymes of the subtilisin fold are strictly Ca2+-dependent enzymes. This property can help differentiate their action from serine proteases of the chymotrypsin fold.

We have started work on PCs because we realized that activation of certain enzymes by PCs can occur in the blood (see later). In the next section we introduce the three known secreted PCs that are present in extracellular fluids. PCSK9 is also included, as a well-known example of a PC present at high levels in the blood, despite being in a proteolytically inactive (inhibited) state. PACE4 has been also detected in the blood (55, 56), while so far no one reported the presence of PC5A in the blood, however it could be present in other extracellular fluids.



Secreted Proprotein Convertases


PCSK6 (PACE4)

PCSK6 (proprotein convertase subtilisin/kexin type 6) gene is located close to the FURIN (PCSK3) gene on human chromosome 15, referring to the common origin of these enzymes (57). Eight different splice variants of the PCSK6 gene have been described, although most of them were found only at mRNA level. The PACE4 (paired basic amino acid cleaving enzyme 4), SPC4 (subtilisin-like proprotein convertase 4), and the more recent PCSK6 names are used simultaneously for the protein products. PACE4 is widely expressed in human tissues. It is mainly expressed in liver, but also in the lung, gut, spleen, brain, placenta and neuroendocrine tissues (58). Three isoforms, PACE4A-I, PACE4A-II, PACE4B are probably secreted via the constitutive pathway (59). PACE4 efficiently cleaves substrates at R-X-K/R-R↓, R-X-X-R↓ sequences, and also recognizes short R-R↓ and K-R↓ motifs (60). PACE4A-I is the full-length enzyme (Figure 2), and like all PCs requires Ca2+ for the catalysis, and also shows marked temperature sensitivity (61). PACE4 has a multidomain structure, before the structural domains, it starts with an extremely long signal sequence (63 amino acids), which is followed by a propeptide (or prodomain), an S8-type serine protease domain, a P (or Homo B) domain, and finally a Cys-rich domain (CRD) composed of tandem furin-like repeats at the C-terminus. PACE4 is synthesized as a zymogen, and its autoactivation requires two proteolytic events after and within the prodomain. The first cleavage takes place in the endoplasmic reticulum (ER) (62), and the second occurs presumably at the cell surface after the secretion (63). In subtilisin-like enzymes, the prodomain acts as an intramolecular chaperone (64), promoting the formation of the correct fold, while its pH-dependent binding to the catalytic domain may inhibit the activity during secretion, as it has been shown for furin (65). The P domain is also essential for appropriate folding, it stabilizes the protease domain through hydrophobic interactions (66) and it carries an RGD tripeptide motif that controls the protein trafficking through the ER (67), and it can also play a role in the binding of integrins on the cell surface. Unlike many other proprotein convertases (PCs) PACE4 lacks the transmembrane region, therefore it is released into the extracellular matrix. A cationic region of the CRD can tether PACE4 to the extracellular matrix on the cell surface via heparan sulfate proteoglycans (HSPGs) (68), and there can inactivate the HSPG-bound endothelial lipase and lipoprotein lipase (69) modifying the high-density lipoprotein (HDL) metabolism. CRD also interacts with tissue inhibitors of metalloproteases (TIMPs) (70), and through them PACE4A-I could regulate extracellular matrix remodeling. A quarter of the PCSK6 knock out mice embryos die prenatally showing sever cardiovascular and craniofacial malformations. Half of the embryos showed left pulmonary isomerism and abnormal, right-sided stomach, pancreas and spleen. Dysfunction of PACE4A-I results an altered left-right patterning during the embryogenesis. PACE4 is responsible for the processing of Nodal precursor protein that activates the transforming growth factor-β (TGF-β) signaling pathway (58, 71). PACE4A-I selectively cleaves the B isoform of insulin receptor at insulin-target tissues that increases the production of glucokinase and affects glucose metabolism (72). PACE4A-I also processes the insulin-like grow factor-II (IGF-II) (73). RNA silencing of PACE4 suppresses the myosin light chain expression in skeletal muscle cells. It could be restored by addition of processed IGF-II suggesting that PACE4A-I accelerates the myogenic differentiation (74). PACE4A-I seems to enhance proliferation of prostate cancer cells in vitro and the growth of tumor xenografts in mice (75). In the case of mice keratinocyte cultures PACE4A-I overexpression enhances the invasiveness of malignant cells and it also triggers the conversion of non-invasive cell types to malignant via activating matrix metalloproteases (76). In contrast to normal thyroid parenchyma, malignant thyroid nodules expresses PACE4A-I (77). These results suggest that PACE4 could be a promising diagnostic tool and therapeutic target of some cancer types. PACE4A-II isoform has a short deletion in a disordered region after the P domain. It was demonstrated in vitro that PACE4A-II processes pro-von Willebrand factor as well as PACE4A-I, and it activates rat complement pro-C3 more efficiently than the full-length form (78).




Figure 2 | Domain structures of PCSK5 (PC5A isoform), and PCSK6 (PACE4A-I isoform). PC5A is the shorter, secreted isoform of the two main isoforms of PCSK5. PCSK6 (PACE4) has several secreted isoforms. PACE4A-I is considered as the main (canonical) isoform. Two autocatalytic cleavages (↓) after and within the prodomain are required for activation. The second cleavage is thought to occur extracellularly.





PCSK5 (PC5A Isoform)

A PC encoded by the PCSK5 (proprotein convertase subtilisin/kexin type 5) gene was discovered in two laboratories at the same time (79, 80). It explains why it has two parallel names in the literature, proprotein convertase 5 and 6 (PC5, PC6), but often referred to as PC5/6 or PCSK5. The PCSK5 gene encodes two protein isoforms PC5A and B having different tissue distribution and structural differences at the C-terminus. Both isoforms are expressed equally in the liver; PC5A is the dominant isoform in heart, lung, ovary and in neuronal tissues, whereas PC5B is the major form in kidney and in the intestinal tract (81). PC5A isoform (Figure 2) has a shorter CRD than that of B isoform and it lacks the transmembrane domain, therefore PC5A is soluble and it is secreted on the regulated secretory pathway (82), while PC5B localized only in the trans-Golgi vesicles (83). PC5A shares many structural and in vitro functional similarities with PACE4. Like PACE4, it also takes part in regulation of HDL level through inactivation of endothelial lipase and lipoprotein lipase (69). In neural tissues PC5A expression overlaps with the expression of neural adhesion molecule L1. In the hippocampus PC5A performs the first proteolytic cleavage of L1 on the neuron surface which is required for release, dimerization and activation of L1 (84). Through L1 processing PC5A plays a role in neuronal migration, growth and regeneration. Normal PCSK5 gene function seems to be essential in embryonic development as demonstrated by knock-out studies. Lack of functional PCSK5 leads to early embryonic death in mice model (81). KO embryos exhibited homeotic malformations, absence of tail and kidneys, development of additional ribs, and collapsed lung. Very similar phenotypes were observed in growth/differentiation factor 11 (Gdf11) knock out mice. PC5 and Gdf11 mRNA showed an overlapped appearance in PCSK KO embryos, suggesting that Gdf11 is a potential substrate of PC5 (85). In human umbilical vein endothelial cells (HUVECs) PC5 is the major activator of receptor protein tyrosine phosphatase μ (RPTPμ) that promotes the monolayer formation of the endothelium based on inhibition of cell growth (86). Separate overexpression of different PCs in colorectal cancer cell line revealed that PC5A is the most potent proteolytic activator of αv-integrin (87). In vascular smooth muscle cells (VSMCs) PC5 activated αv-integrin promotes the cell migration and adhesion to vitronectin (88). A potent vessel remodeling factor, the platelet-derived growth factor (PDGF) upregulates PCSK5 gene expression in VSMC culture and increases the PC5 protein level, as it was proven ex vivo in an atherosclerotic aorta model (89). Co-localization of vitronectin, αv-integrin and PC5 on VSMC in atherosclerotic lesions suggests that PC5 has an important role is the development of atherosclerosis. In vitro analyses of PC5 mutants having altered post translational modification (90) and studies of liver specific PC5 knock out mice (91) revealed that PC5A and furin can cleave PCSK9 on hepatocyte surface to modify its fold and activity.



PCSK9

Based on the observation that subtilisin/kexin isozyme 1 (SKI-1) encoded by the PCSK8 gene cleaves after non-basic residues, gene databases were screened to identify ortholog enzymes. This in silico method led to the discovery of proprotein convertase subtilisin/kexin type 9 (PCSK9), which was first described as neural apoptosis-regulated convertase (NARC-1). PCSK9 mRNA was detected in the liver, kidney, cerebellum, and small intestine. PCSK9 is a member of the proteinase K subfamily. Like other PCs, PCSK9 is synthesized as a zymogen, and the autocatalytic cleavage takes place in the ER. PCSK9 prefers hydrophobic residues at the P1, P3, P5 positions in the recognition motif (92). Compared to the above mentioned PCs, PCSK9 shows structural differences; it lacks the conserved P domain and carries a Cys- and His-rich domain (CHRD) at the C-terminus. In the absence of the P domain, the CHRD domain could stabilize folding (93). After autoactivation, the prodomain remains bound to the catalytic domain locking the substrate-binding groove, thus PCSK9 does not exhibit enzyme activity against any other substrate (94). PCSK9 gene point mutations are found to be associated with autosomal dominant hypercholesterolemia (95) predicting a role in lipid metabolism. CRHD binds the low-density lipoprotein receptor (LDLR) on hepatocyte surface, enhances its uptake in clathrin coated vesicles and degradation in lysosomes, therefore high PCSK9 level results in increased LDL level in the circulation (96, 97). PCSK9 repression seems to be a promising therapeutic strategy in hypercholesterolemia and in associated cardiovascular diseases.




Complement Proteins Processes By Proprotein Convertases and The Story of Corin


C3, C4, C5 Family

The C3 family proteins, C3, C4 and C5, are structurally homologues and their effect during complement activation is based on similar molecular mechanism. Upon cleavage by the convertase complexes these molecules undergo major conformational changes which enable them to bind the next components of the complement system (C3b: FB; C4b: C2; C5b: C6, C7) and attach to the surface. These are crucial events for organizing the complement activation. C3, C4 and C5 are members of the α2-macroglobulin family. They have evolved most likely from a common ancestral gene (98). C3 and C4, like α2-macroglobulin, contains the internal thioester bond, which is necessary to localize the complement activation to the surface of the target cell (99). All three proteins are synthesized as single chain pre-pro molecules and undergo posttranslational modifications in the endoplasmic reticulum and in the Golgi. Probably the most important posttranslational modification is the proteolytic cleavage by proprotein convertases, which yields the mature subunit structure.

C3 is mainly synthesized in the liver. The pre-pro molecule consists of 1663 amino acids. The α and β chains are separated by a tetra-arginine sequence between Ala667 and Ser672 (Figure 3A). In an experiment Misumi et al. showed that co-expression of C3 and furin in COS cells resulted in correctly processed C3 (100). Without furin co-expression only about half of the pro-C3 expressed was processed by endogenous proprotein convertase activity of the cells. This experiment proved that a proprotein convertase is responsible for the correct processing of pro-C3, but we cannot claim that furin is the exclusive processing enzyme. Very likely furin is the major processing protease, however, because of the redundant substrate specificity we cannot exclude the role of other proprotein convertases. As we mentioned in the previous section PACE4 also can process pro-C3 (78).




Figure 3 | Cleavage sites of proprotein convertases after paired basic residues in C3, C4, C5, factor I, MASP-3 and corin. (A) Complement proteins that are processed intracellularly by proprotein convertases. Cleavage sites of basic amino acid residue-specific proprotein convertases (BAR-PC) are indicated as red dashed lines and scissors. Residual amino acids are trimmed off by carboxypeptidases marked with green dashed lines and ax. After BAR-PC cleavage, the complement proteins disintegrate into multiple chains: α and β chains in C3 and C5, α, β and γ chains in C4 and; heavy and light chains in the case of FI. The light chain of FI represents the serine protease domain in the active enzyme. Chains are held together by disulfide bonds indicated with blue lines. Black numbers show the first and last amino acids of each chain, while blue numbers stand for cysteines that form interchain disulfide bonds. (B) These two proteins are processed extracellularly by proprotein convertases. The sequences are very similar near the cleavage sites in MASP-3 and corin. The cleavage sites in the propeptide segment performed by PCSK6 are illustrated with red dashed lines and scissors. The with disulfide bonds connecting the heavy and light chains are indicated with blue lines. In corin the transmembrane (TM) region is also shown, while the activation takes place in the extracellular part of the protein.



The primary site of C4 synthesis is also the liver. The pre-pro single-chain C4 consists of 1744 amino acids. In the polypeptide chain two tetrabasic sequences that separates the β-, α-, and γ-chains, that are ideal cleavage sequences for proprotein convertases. Between the β- and α-chains there is a Arg-Lys-Lys-Arg sequence and between the α- and γ-chains there is a tetra-arginine sequence (Figure 3A). Based on the analogy of C3, it is very probable that pro-C4 is processed by a furin-like proprotein convertase, but there is no direct experimental evidence for this. In 1980, before the discovery of the proprotein convertases, Goldberger and Colten showed that plasmin can process pro-C4 correctly in vitro (101). This is possible, since other proteases having similar substrate specificity can cleave at the tetrabasic sequence. Plasmin is a trypsin-like protease that cleaves after basic amino acids (Lys or Arg). After the discovery of the proprotein convertases (in the 1990s), however, it became evident, that these enzymes are responsible for the processing of the pro-proteins along the secretory pathway (102). Interestingly, C4 is further processed after secretion in the in the blood plasma (103). A 22-residue peptide from the C-terminus of the α-chain is removed by a metalloprotease having elastase-like specificity (104).

C5 is synthetized by the liver hepatocytes. The pro-form of C5 contains 1676 amino acids (105). There is an Arg-Pro-Arg-Arg linker sequence between the β- and α-chains (Figure 3A). The pro-C5 processing occurs during secretion. Until now the processing enzyme has not been identified experimentally but based on the linker sequence, we can assume that a furin-like proprotein convertase is responsible for the cleavage.

It is important to note, that furin, and the other proprotein convertases cleaves after the last amino acid of the tetrabasic linker sequence. After this cleavage the tetrabasic sequence remains attached to the C-terminus of one of the chains (β-chain of C3 and C5, and β- and α-chains of C4). In the mature proteins, however, the tetrabasic sequences are completely removed. This might be important for the full biological activity. We know from the example of insulin, that after proprotein convertase-mediated cleavage the C-terminally exposed basic residues are trimmed off by carboxypeptidases to generate fully active peptides (47, 54). One can assume, that in the case of C3, C4 and C5 a similar mechanism takes place, however the carboxypeptidase cleavage might occur in the blood plasma after secretion.



Factor I

Factor I (FI) is a major regulator of complement activation since it is able to degrade activated C3b and C4b in the presence of its cofactors and dismantle C3b convertases of all pathways. The proper functioning of FI is crucial to protect host cells from unwanted complement attack and also to produce fragments for opsonization. FI is a glycoprotein which is found in its active two-chain form of 88 kDa in human blood. As the majority of complement serine proteases, FI is synthetized as pre-proprotein primarily in hepatocytes (106). Several other cell types also express functional FI such as monocytes, myoblasts, fibroblasts, human umbilical vein embryonic cells (HUVEC) and keratinocytes (107). FI is a multidomain protein of five domains namely FIMAC (factor I membrane attack complex) domain, CD5 domain (also called SRCR domain), two LDLRA (low-density lipoprotein receptor type A) domains located on the heavy chain, and SP (serine protease) domain on the light chain (108). Compared to other complement proteases, Factor I is different in terms of activation. It is the only complement protease that is activated inside the cell during secretion. After being released from the cell it circulates as an active protease without any known inhibitor in the blood. The physiological function of FI is controlled through cofactors which modify the affinity and specificity towards its substrates. Crystal structure indicated that the SP domain in free FI is partially distorted (26). This finding explains the low catalytic activity of FI towards small peptide substrates (109). However, the SP domain showed stabilized conformation in the ternary complex of FI with its cofactor FH and its substrate C3b. Data revealed that the SP domain can reach its fully active conformation only in complex with its substrates and cofactors (28).

The single polypeptide chain synthesized intracellularly contains a signal sequence and an activation linker (R336-R-K-R339). The precursor undergoes posttranslational modification while migrates through the Golgi, gets three sites glycosylated on the light and also on the heavy chain and afterwards the linker region is cut out. The sequence of the linker region is a typical BAR-PC recognition site (Figure 3A), nonetheless the exact activator of FI is still unknown. Although the activation of complement FI is not fully understood, several experimental facts indicate involvement of proprotein convertases in the process. Early attempts to produce active two-chain enzyme were carried out in different hepatoma derived cell lines (Hep3B, NPLC-KC and HepG2) (110). The proportion of the single-chain pro-FI and the mature protein in different cell cultures vary from each other. NPLC-KC and Hep3b cells predominantly produced the two-chain form while HepG2 cells mostly secreted the single-chain form of FI. The authors also showed that other multidomain complement protein such as C3, C4 and C5 were secreted as mature proteins by the mentioned three hepatoma cell lines. The major product did not differ regardless of their source. These findings indicate that the intracellular posttranslational modification of FI may require other activator than that of C3, C4 or C5. The possibility that cleavage of proprotein takes place extracellularly was ruled out since pro-FI was not activated when incubated in human plasma.

Active FI can also be expressed by insect cells. Baculovirus expression system using Trichopulsia ni (High Five) cells yielded fully processed FI, although molecular weight of the protease was somewhat different compared to the serum protein due to altered glycosylation (111). In order to improve the yield of active form, FI was co-expressed in mammalian cells with a possible activator, furin (112). Monkey kidney cells (COS-1) secreted more than 90% of FI as single-chain zymogen, while Chinese hamster ovary cells (CHO-K1) expressed 50% of that. However, when cells were co-transfected with both FI and furin cDNA, the ratio of two forms significantly changed. Processing became complete, portion of the mature FI moved above 90%. Human embryonic kidney cells (HEK293) co-transfected with furin resulted in mature FI sufficient quality and quantity for crystallization (28). Furin or other intracellular proprotein convertases could cleave the linker region between Arg339 and Ile340, however another enzymatic step is still needed. Residual basic amino acids on the new C-terminus have to be cut off otherwise FI could not reach full activity. A well-known example for this process is the maturation of insulin (54). Although not every detail of the intracellular posttranslational modifications of FI have been fully clarified yet, the evidences listed above strongly support the involvement of proprotein convertases.



Corin

Corin is an essential enzyme for maintaining normal blood pressure (113). It is a trypsin-like serine protease that cleaves pro-atrial natriuretic peptide (pro-ANP) to generate an active hormone, ANP. ANP is a cardiac hormone playing an important role in regulating salt-water balance and blood pressure. The structure and function of corin resembles that of the complement proteases in several aspects. Corin is a multidomain serine protease. It is a type II transmembrane protease having an N-terminal transmembrane domain and a C-terminal trypsin-like serine protease domain. Between the transmembrane domain and the serine protease domain there are two frizzled domains, eight low density lipoprotein receptor repeats and a scavenger receptor domain. It is highly expressed in cardiomyocytes, and it is expected to exert its function on the surface of these cells (114). Recently, however, soluble corin was detected in the human circulation, indicating that corin is shed from the cardiomyocytes (115). Corin, like most of the complement proteases, is synthetized as an inactive one-chain zymogen, and it is activated by limited proteolysis at a conserved (Figure 3B) site between Arg801 and Ile802 (116). The resulting two-chain molecule shows full enzymatic activity. The two polypeptide chains are held together by a disulfide bond. Failure of corin activation can result in developing hypertension and heart disease. Accordingly, naturally occurring corin gene variants with impaired zymogen activation have been identified in patients (117). The activation sequence and the mode of activation of corin resembles to that of the plasma cascade enzymes. Corin has no autoactivation capacity therefore it must be activated by other protease. Since the trypsin-like enzymes having a common evolutionary origin form a protease network in the blood plasma and on the surface of different cells (e.g. endothelial cells, leucocytes, cardiomyocytes, etc.), it seemed obvious that the activator protease should be sought among them. It was a big surprise, however, when it was discovered, that the activator protease is a proprotein convertase, PCSK6 (aka PACE4) (55). A proprotein convertase-specific inhibitor completely blocked the activation of corin, and a similar effect was exerted by using siRNAs against PCSK6 expression. PCSK6 knockout mice have only zymogen corin in the heart and they show symptoms of hypertension. The first reason for the surprise was that the proprotein convertases represent a different evolutionary line of the serine proteases (the subtilisins) compared to the trypsin-like proteases (118). It was the first example in the blood for a cross-talk between the proprotein convertase and the trypsin-like protease network. The second reason for the surprise was that corin is secreted as a zymogen and the proprotein convertase-mediated activation takes place on the surface of the cells. The proprotein convertases usually act inside the cells, along the secretory pathway, as we have seen in the example of C3, C4, C5 and FI. In the case of corin, however, it was shown that corin and PCSK6 use different secretory pathways. Chen et al. demonstrated that a soluble corin mutant lacking the transmembrane domain was activated by PCSK6 in the conditioned medium of HEK293 cells but not intracellularly (119). Blocking PCSK6 secretion by monensin and subsequent immunostaining indicated that corin and PCSK6 were secreted via different intracellular pathways, which may explain the lack of corin activation inside the cell. The detection of secreted PCSK6 in the human blood indicated that PCSK6 may process other proteins in the circulation thereby modulating the effect of the proteolytic cascade systems (56).



MASP-3

MASP-3 was discovered as the third serine protease component of the lectin pathway of complement (120). Originally it had been thought to negatively regulate the lectin pathway, as it had no known natural substrate despite having a functional serine protease domain (120). MASP-3 had been implicated to cleave insulin-like growth factor-binding protein 5 (IGFBP-5), however, in vivo relevance of this reaction has not been established (121). More importantly, certain mutations that effect the catalytic activity of MASP-3 can cause a serious developmental disorder, the 3MC (Malpuech-Michels-Mingarelli-Carnevale) syndrome (122), which is characterized by cognitive defects, craniofacial dismorphysm, and other abnormalities. It is interesting that PCSK6 KO mice (58, 123) and 3MC (human) patients (124) show similar craniofacial deformities. The exact pathomechanism of this disease remains to be solved, however, it indicates that MASP-3 might have a role outside the regular scheme of the complement system, and both MASP-3 and PCSK6 may be involved in the same mechanistic route.

MASP-3 is expressed as a splice variant from the MASP1 gene, which has three products that have been identified at the protein level, MASP-1, MASP-3 and MAp44 (125–127). Map44 is indeed a regulatory molecule without any catalytic activity. MASP-1 and MASP-3 are, however, functional serine proteases. The first evidence that MASP-1 and/or MASP-3 might play a role in the activation of the alternative pathway was provided by the group of Teizo Fujita (128). They generated MASP1 knockout mice by replacing the second exon encoding a common region shared by both proteases (129). Serum derived from mice lacking both proteases had minimal alternative pathway activity, because it contained proenzymic factor D (pro-FD). Initially MASP-1 was implicated as the pro-FD activator (maturase) (128). While in vitro, MASP-1, and a number of other proteases, can process pro-FD in to FD (130), in vivo MASP-3 is the FD maturase enzyme (24, 131, 132). Under normal resting conditions, unperturbed by ongoing coagulation or complement activation, MASP-3 is already present predominantly in the activated, two-chain form (23), while MASP-1 and other implicated proteases are proenzymic. Hence, in normal human individuals MASP-3 has a homeostatic role: it is present (mostly) as an active enzyme and continuously activates pro-FD, which is, as a result, also present predominantly in the mature FD form (24, 133). It worth mentioning that human and mouse MASP-3 seems to behave very similarly in this respect therefore the FD maturase function of MASP-3 is probably conserved among mammalian species (132, 134).

As MASP-3 is mostly present in the blood as a mature, active enzyme the question immediately arises: how MASP-3 is activated? This question implies two problems, where does MASP-3 activation take place, and which protease or proteases activate MASP-3?

Notably, when MASP-3 was expressed in eukaryotic cell lines, insect or mammalian (CHO) cells, it was always secreted into the medium a one-chain zymogen (135–137). This strongly suggests that MASP-3 is not activated intracellularly. For the first time, MASP-3 was expressed in insect cells, and it was convincingly proved that MASP-3 cannot autoactivate (135). Interestingly, when isolated MASP-3 was stored at 4 °C for months, it slowly became activated by an unknown contaminating protease. The cleavage occurred even if the catalytically inactive S664A (precursor numbering) mutant MASP-3 was isolated and then stored at 4 °C. The activation did not occur at 37 °C suggesting that the activating enzyme is heat-labile. Although this insect protease has never been identified, presumably it was a BAR-PC, which seems to be also secreted like PACE4 (PCSK6).

We have recently identified PCSK6 (PACE4) as the most likely activator of MASP-3 and showed that the activation of MASP-3 takes place in the blood using human samples (138). Evidences that support this mechanism are as follows. The inactive S664A MASP-3 variant became cleaved (“activated”) when added to blood samples containing Ca2+ (e.g. hirudin plasma, or serum). On the other hand, the reaction did not occur in EDTA plasma. It important to note again that proprotein convertases require Ca2+ for their activity. Most importantly, the “activation” (cleavage) reaction of MASP-3 S664A was completely blocked in hirudin plasma by the general proprotein convertase inhibitor decanoyl-Arg-Val-Lys-Arg-chloromethylketone (dec-RVKR-cmk) specific for BAR-PCs. Hence we were looking for a proprotein convertase, which is secreted and cleaves after paired basic residues. It is remarkable that the protease, corin, which is also activated in the blood by PCSK6 (PACE4), has a very similar sequence motif around the activation site to that of MASP-3 (Figure 3B). Nevertheless, there is another BAR-PC, which is secreted, namely the PC5A, a major isoform of PCSK5. We have expressed both PCSK6 (PACE4) and PCSK5 (PC5A isoform) in CHO cells, and found that both could activate MASP-3 in vitro. We have also shown that the MASP-3 activator in hirudin plasma is also heat-labile, because the activator remained active for a longer period of time at 25 °C. It was published that PACE4 (PCSK6) is very sensitive to even moderately high temperatures such as 37 °C (61). And finally, we and others have shown that PCSK6 is present in the blood as a soluble protein (55, 56), whereas PCSK5 (PC5A) is not, or at least no one could detect it. Taken together, PCSK6 (PACE4) emerges as possibly the sole, or at least the major activator of MASP-3 in human blood. As MASP-3 is the activator pro-FD, and FD is essential for the alternative pathway of complement, we have identified PCSK6 as an essential, highest level activator of complement. It is important to note that this activation sequence occurs constantly in normal healthy individuals in a homeostatic fashion. The described mechanism is summarized on Figure 4.




Figure 4 | The PCSK6-MASP-3-FD axis. The proenzyme form of MASP-3 (pro-MASP-3) is constitutively activated in the blood by PCSK6 (PACE4). Active MASP-3 cleaves pro-factor D (pro-FD) also constitutively. These two cleavage events are required to keep the alternative pathway of complement ready for action on appropriate surfaces. The PCSK6-MASP-3-FD axis is in a grey box, while subsequent events of the alternative pathway following FD activation are shown on the right. Red arrows point from a protease to its substrate, while black arrows indicate conversion.






Conclusion And Perspectives

The complement system is a part of the proteolytic network of the human body. It has been known for a long time that the blood cascade systems – complement, coagulation, fibrinolysis – interact with each other; there are cross-activation steps, and there are common inhibitors. For example, MASP-1 can initiate coagulation by activating prothrombin (139); and C1-inhibitor, the major inhibitor of the classical and the lectin pathway, also inhibits the contact activation system (FXIIa and plasma kallikrein). It was also described that zymogen activation can occur between proteases of different mechanistic groups. Plasmin can initiate the activation of several metalloprotease zymogens (e.g. MMP-1/-3/-9/-13). In this way plasmin could facilitate matrix degradation during various physiological and pathological events (140). Another example of cross-class activation is when the serine protease granzymes, released by cytotoxic T cells or natural killer cells, initiate the apoptosis by activating the cysteine protease caspases in the target cells (141). The discovery that a proprotein convertase is involved in the alternative pathway activation drew attention to the cooperation between the proprotein convertases and the complement system (Figure 5). Although both the proprotein convertases and the complement proteases are serine proteases, they represent quite different evolutionary lines (i.e. trypsin-like vs. subtilisin-like proteases).




Figure 5 | Processing of complement proteins by proprotein convertases in different compartments of the body. Cooperation between the complement system and BAR-PCs (basic amino acid residue-specific proprotein convertases) results in proteolytic processing of complement proteins inside the cell or extracellularly in the blood. BAR-PCs such as furin localize to the membrane of the trans-Golgi network (TGN), secretory vesicles and endosomes. Processing of pro-C3, pro-C4, pro-C5, and pro-factor I probably occurs in these compartments. The direct activation of pro-MASP-3 occurs in the blood by circulating PCSK6 (PACE4). Pro-factor D is the substrate of active MASP-3 therefore it is an example of indirect activation by BAR-PCs.



PCSK6 is the highest level initiator enzyme of the alternative pathway. In the pre-initiation phase of the alternative pathway, before any activation signal appears, PCSK6 activates MASP-3, which in turn activates FD (Figure 4). These reactions ensure that when C3b appears on the surface, the alternative pathway can be started immediately with high efficiency because sufficient amount of active FD is available. The proprotein convertases also play a crucial role in the intracellular processing of several complement proteins such as FI, C3, C4 and C5 (Figure 5). Knowing these interactions, we cannot rule out that there are other hidden connections between the proprotein convertases and the complement system.

For example, the anaphylatoxins C3a and C5a can modulate the tumor microenvironment by promoting tumorigenesis through the recruitment of myeloid-derived suppressor cells for inhibiting antitumor CD8+ T cells and through induction of neovascularization (142). Complement components are present in the tumor: they can be secreted either by the tumor cells, or by tumor-infiltrating immune cells, or they can enter the tumor through the vasculature. Cancer cell-born proteases can directly cleave C3 and C5 generating the anaphylatoxins. Nitta et al. demonstrated that cancer cells display a serine protease, which cleaves C5 and releases C5a (143). This protease is likely a proprotein convertase since its activity is completely blocked by the BAR-PC-specific inhibitor (dec-RVKR-cmk).

Also, proprotein convertases may contribute to the intracellular action of the complement proteins, since the anaphylatoxins can be released intracellularly (144, 145). Further studies are needed to reveal all the functional connections between the components of the complex protease network of the immune system including the proprotein convertases and the complement proteases.
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