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General Introduction 



General Introduction 

This thesis focuses on the neuroendocrine polypeptide 7B2. Relevant to this subject are 

a number of cell biological topics, including secretory pathways in neuroendocrine cells, 

protein folding and molecular chaperones, proteolytic cleavage enzymes, the granin 

family of neuroendocrine-specific proteins and our model system. An overview of these 

topics will therefore be given in this introductory section. 

SECRETORY PATHWAYS IN NEUROENDOCRINE CELLS 

In multicellular organisms the communication between cells and organs is essential for 

their proper functioning. The transmission of information is provided by messenger 

molecules like hormones and neuropeptides that are produced by endocrine and neural 

tissues. The process of hormone and neuropeptide secretion by neuroendocrine cells is 

strictly regulated and therefore these cells possess a unique secretory pathway (Figure 1). 

Like in all eukaryotic cells, the first step in the secretory process in neuroen

docrine cells concerns the synthesis of proteins on the ribosomes of the rough endoplas

mic reticulum (ER). Proteins entering the secretory pathway are characterized by a hy

drophobic stretch of 15 to 30 amino acids at their N-terminus, which allows their trans

location across the membrane of the ER (Blobel and Dobberstein, 1980). Translocation 

of nascent polypeptide chains occurs cotranslationally through an aquous pore in the ER 

membrane (Simon and Blobel, 1991). At the luminal side of the membrane the signal 

peptide is cleaved off by a signal peptidase (Rapoport, 1990). In the ER, molecular 

chaperones and protein isomerases assist in the folding of newly synthesized proteins and 

the formation of disulfide bonds, respectively (Freedman, 1989; Gething and Sambrook, 

1992). In this compartment, N-linked glycosylation of many secretory and membrane 

proteins takes place. Oligosaccharides are transferred to the amino groups of asparagine 

residues by oligosaccharyl transferases (Kornfeld and Kornfeld, 1985; Paulson and 

Colley, 1989). 

Correctly folded proteins are transported from the ER to the Golgi apparatus and 

in the different cisternae of this compartment (cis-, medial- and rrans-Golgi) trimming and 

processing of the N-linked oligosaccharide chains occurs. In the Golgi region, also a 

second type of glycosylation can take place in which sugars are linked to the hydroxyl 

group of serine or threonine residues (O-glycosylation) (Roth, 1988; Lis and Sharon, 

1993). Protein sulfation at tyrosine residues is carried out in the trans-Go\gi network 

(TGN) by tyrosine-sulfotransferase (Niehrs and Huttner, 1990). 

8 



endoplasmic reticulum 

cis -Golgi network 

Golgi stacks 

trans -Golgi network 

lysosomal 
pathway 

plasma membrane 

constitutive 
secretory 
pathway 

regulated 
secretory 
pathway 

translocation 
N-glycosylation 
folding/assembly 
phosphorylation 

O-glycosylation 
trimming/processing 

of N-ilnked sugars 

sulfation 
sorting 

proteolytic 
processing 

amidation 
acetylation 
storage 

Figure 1. Secretory pathways in neurons and endocrine cells. 

In the TGN, sorting of the proteins destined for different pathways takes place. 

Lysosomal enzymes are delivered to endosomes by receptor proteins that recognize the 

mannose 6-phosphate groups that are linked to these proteins (Griffiths et al., 1988; 

Dahms et al., 1989). Polypeptides like membrane proteins, growth factors and im

munoglobulins are captured in transport vesicles which are rapidly carried to the cell 

surface where they immediately fuse with the plasma membrane. This pathway of protein 

secretion represents a continuous process present in all living cells and is therefore 

referred to as the constitutive secretory pathway (Gumbiner and Kelly, 1982; Burgess and 

Kelly, 1987). Neuroendocrine-specific proteins, like precursors for peptide hormones and 

neuropeptides are sorted away from the constitutively secreted proteins in the TGN by 
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General Introduction 

a mechanism that has not been elucidated yet. (Pro)proteins destined to be secreted in a 

regulated manner aggregate in the TGN and the large protein complexes are packaged in 

so-called immature secretory granules (Farquhar and Palade, 1981; Griffiths and Simons, 

1986; Orci et al., 1987; Tooze et al., 1991). It has been established that the sorting into 

the regulated pathway is the result of an intrinsic property of the proteins themselves 

(Moore and Kelly, 1986; Pfeffer and Rothman, 1987; Rosa et al, 1989). The exact 

structural requirements for targeting proteins to the secretory granules are nevertheless 

still unknown. Self-condensation as a result of a different microenvironment in the TGN 

(decrease of pH, increase of [Ca2+]) has been suggested to be the main factor for the sor

ting of regulated proteins away from the others (Kelly, 1985; Burgess and Kelly, 1987; 

Mains and May, 1988; Gerdes et al., 1989; Chanat and Huttner, 1991). On the other 

hand, the involvement of specific sortases or receptor-like structures in the sorting 

process can not be excluded (Chung et al., 1989; Chanat et ai, 1993; Halban and 

Irminger, 1994). 

In the immature secretory granules, a further condensation of the proteins takes 

place which eventually leads to the formation of so-called dense core vesicles. In the 

acidic environment of the TGN and secretory granules, precursors are processed into 

their biologically active products. Precursor processing involves 1) cleavage at pairs of 

basic amino acid residues by prohormone convertases (Smeekens and Steiner, 1990; 

Seidah et al, 1990; Thomas et al., 1991), 2) removal of the C-terminal basic residues 

by carboxypeptidases (Fricker, 1988) and 3) amidation and acetylation of some of the 

resulting peptides by the enzymes peptidyl-a-amidating mono-oxygenase (PAM) and 

acetyl-transferase, respectively (Eipper and Mains, 1988; Bradbury and Smyth, 1991). 

The products are stored in the secretory granules with a half-life of up to hours or even 

days. The granular content is released in response to an appropriate extracellular signal, 

which can be ions, hormones, neuropeptides or neurotransmitters. By this means, 

secretion of hormones and neuropeptides is accurately regulated and in accordance with 

the physiological demand. 

FOLDING IN THE SECRETORY PATHWAY 

Protein folding and molecular chaperones 

In order to acquire their proper tertiary and quaternary conformations, folding and 

oligomeric assembly of proteins takes place directly after their synthesis or translocation 
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across membranes. According to the early work of Anfinsen (1973) the final three 

dimensional conformation of a protein is determined by its amino acid sequence. 

Although several proteins fold spontaneously into their correct native structures in vitro, 

this process appeared to be more complex in living cells. The high protein concentration 

(20-30%) as well as the relatively high temperatures in many biological systems favour 

incorrect folding and aggregation of folding intermediates. Furthermore, in cells, the rate 

and intracellular site of protein folding need to be strictly regulated. Prokaryotic as well 

as eukaryotic cells deal with these problems by the production of special proteins that 

facilitate folding or prevent misfolding of newly synthesized proteins. Proteins assisting 

in the folding of other proteins have been called molecular chaperones and in the last five 

years numerous members of this group have been identified (Ellis and Van der Vies, 

1991; Gething and Sambrook, 1992; Hendrick and Haiti, 1993). Initially, a molecular 

chaperone was defined as a protein that promotes proper assembly of oligomeric com

plexes based on the observed roles of nucleoplasmin and rubisco binding protein (Laskey 

et al., 1978; Ellis, 1987). This definition was recently extended by Hendrick and Haiti 

(1993) who considered a molecular chaperone as 'a protein that binds to and stabilizes 

an otherwise unstable conformer of another protein and by controlled binding and release 

of the substrate protein, facilitates its correct fate in vivo: be it folding, oligomeric 

assembly, transport to a particular subcellular compartment, or controlled switching 

between active/inactive conformations'. Molecular chaperones are thought to play 

important roles in normal cellular processes like translation, folding and assembly of 

proteins and protein translocation across membranes. In addition, they are known to be 

involved in the protection of cells from stress. The expression of many chaperones is 

induced after exposure of cells to cellular stresses like a rise in the environmental 

temperature. Hence, they are frequently referred to as heat shock proteins (Hsps) or 

stress proteins (Schlesinger, 1986; Hubbard and Sander, 1991; Hendrick and Haiti, 

1993). 

The ever-growing group of molecular chaperones has been classified into a 

number of structurally unrelated families. These include the Hsp60, Hsp70, Hsp90 and 

Hsp 100 family, and the family of small Hsps (Gething and Sambrook, 1992; Hendrick 

and Haiti, 1993). In addition, a number of molecular chaperones has been identified that 

do not fit in either of the defined families. Molecular chaperones have been found in 

organisms ranging from bacteria to mammals. Within eukaryotic cells they have been 

detected in compartments of symbiotic origin like mitochondria and plastids as well as 

in the nucleus, the cytosol and the ER. 
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General Introduction 

Molecular chaperones in the endoplasmic reticulum 

Upon their entry into the ER, folding of newly synthesized transmembrane or soluble 

secretory proteins is assisted by several molecular chaperones. In this compartment, 

chaperones are considered to be involved in protein translocation across the ER 

membrane and in the folding and quality control of newly synthesized proteins. They are 

thought to be responsible for the retention of misfolded or unassembled proteins in the 

ER, thereby regulating transport of proteins to the Golgi region (Pfeffer and Rothman, 

1987; Rose and Doms, 1988). 

The most abundant chaperone in the ER is the 78-kDa binding protein BiP, also 

known as glucose-regulated protein Grp78 (up to 5% of the luminal ER proteins) (Haas 

and Wable, 1983; Munro and Pelham, 1986). BiP belongs to the Hsp70 subclass of 

chaperones and binds transiently to a wide range of newly synthesized proteins. Like 

other members of the Hsp70 family, BiP promotes correct folding of proteins by the 

stabilization of unfolded or partially folded structures, thus preventing the formation of 

incorrect interactions within or between proteins (Gething and Sambrook, 1992). The 

association of BiP with nascent polypeptide chains is considered to be important during 

and directly after translocation of proteins into the ER (Vogel et al., 1990). The peptide 

sequences preferentially binding to BiP in vitro appeared to be enriched in aromatic and 

hydrophobic amino acid residues, a characteristic of regions found at the inside of folded 

proteins (Flynn et al., 1991; Blond-Elguindi et al., 1994). Once the proteins have 

acquired their correct structures, dissociation from BiP occurs in an ATP-dependent 

fashion and transport to the Golgi apparatus takes place (Munro and Pelham, 1986). BiP 

itself contains a KDEL sequence at its carboxyl terminus which allows its retention in the 

ER (Munro and Pelham, 1987). The expression of BiP is induced by a variety of stress 

factors, like glucose starvation, Ca2+ depletion and exposure to heavy metals (Lee, 1987). 

It has been established that the accumulation of unfolded proteins in the ER is the signal 

for induction of BiP expression (Kozutsumi et al., 1988). 

Another major ER-resident protein that is induced in response to unfolded proteins 

in the ER is Grp94, also known as endoplasmin (Koch et al., 1986; Lee, 1987). Grp94 

is a member of the Hsp90 family of stress proteins and it has only recently been 

demonstrated that Grp94 indeed displays features of a molecular chaperone. In vivo, 

interactions of Grp94 with newly synthesized imunoglobulin light and heavy chains and 

with thyroglobulin were detected (Melnick et al., 1992; Kuznetsov et al., 1994). In vitro, 

Grp94 was able to bind selectively to a set of denatured proteins. Dissociation could be 

achieved by the addition of ATP (Nigam et al., 1994). In contrast to BiP, Grp94 only 
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interacts with fully oxidized immunoglobulin chains. This indicates that Gip94 and BiP 

are both involved in the folding of newly synthesized proteins in the ER, with Grp94 

acting following BiP (Melnick et al., 1994). 

In addition to BiP and Grp94, which are soluble ER-resident chaperones, a 

transmembrane 88-kDa chaperone was recently identified in the ER. This protein is called 

calnexin and has also been referred to as p88 or IP90 (Degen and Williams, 1991; Wada 

et al., 1991 ; Höchstenbach et al., 1992). Calnexin is not related to molecular chaperones 

of the Hsp60, Hsp70 or Hsp90 families but shows a significant structural similarity with 

the multifunctional ER-resident protein calreticulin (Fliegel et al., 1989; Smith and Koch, 

1989). Both calnexin and calreticulin are Ca2+-binding proteins whose expression is 

induced by calcium stress and which may function as molecular chaperones (Wada et al., 

1991, Michalak et ai, 1992; Bergeron et al., 1994). Calnexin transiently interacts with 

incompletely folded membrane as well as soluble proteins in the ER. The exact role of 

calnexin is not clearly understood but it has been suggested that this chaperone may 

facilitate the assembly of multi-unit membrane proteins and provide ER retention of 

misfolded secretory proteins (Ou et ai, 1993; Wada et al., 1994). 

A structural feature of many secretory and cell-surface proteins is the presence of 

disulfide bridges between cysteine residues. An enzyme catalyzing disulfide bond 

formation, isomerization and reduction in the highly oxidative environment of the ER is 

protein disulfide isomerase (PDI) (Freedman et al., 1994). This 55-58-kDa ER-resident 

protein acts as a dimer and contains two thioredoxin-related domains that account for its 

effects on oxidative folding (Edman et al., 1985). In addition, a protein-binding site has 

been identified in the PDI structure (LaMantzia and Lennarz, 1993) and a chaperone-like 

function for PDI during the biosynthesis of proteins with or without disulfide bonds has 

recently been demonstrated (Cai et al., 1994; Otsu et al., 1994; Puig and Gilbert, 1994). 

As of BiP and Grp94, the synthesis of PDI is induced by the presence of unfolded 

proteins in the ER lumen. Several other, though less abundant, thioredoxin-related 

proteins have been identified in the ER (Kuznetsov et al., 1994). However, at present, 

the in vivo roles of these PDI-like proteins, known as ERp60, ERp72 and P50, are 

obscure (Freedman et al., 1994). 

Another enzyme catalyzing a rate-limiting step in protein folding is peptidyl-prolyl 

cis-tranj-isomerase (PPI). Members of the PPI family are present in several cellular 

compartments and are involved in the isomerization of peptide bonds that contain prolines 

(Gething and Sambrook, 1992). Recently, the presence of a 17-kDa cyclophylin-like 

protein with PPI activity was demonstrated in the ER lumen (Bose and Freedman, 1994). 
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General Introduction 

In eukaryotic cells, the molecular chaperones and enzymes described above are 

general and abundant components of the ER. In addition to these factors, several 

chaperone-like proteins have been identified that show a more selective binding speci

ficity. An example of such a chaperone is the stress-inducible protein Hsp47 that is only 

detected in the ER of collagen-secreting cells and is assumed to play a role in the 

biosynthesis of procollagen (Nakai et al., 1992; Sauk et al., 1994). Another specific 

chaperone in the ER is the 32-kDa invariant chain (li) which is associated with MHC 

class II molecules during their transport through the ER and Golgi region in antigen 

presenting cells. Ii stabilizes the class II molecules and prevents the binding of 

endogenous antigens (Neefjes and Ploegh, 1992). 

From the above it appears that in the ER a number of different molecular chape

rones is involved in the folding of nascent polypeptide chains. To what extent these 

chaperones act together is poorly understood, but heteromeric complexes of newly 

synthesized proteins with different types of molecular chaperones have been isolated 

(Melnick et al., 1992; Kuzetsnov et al., 1994). Up to now, sequential chaperone actions 

have only recently been demonstrated for BiP and Grp94, and for calnexin and BiP 

(Melnick et al., 1994; Kim and Arvan, 1995). 

It is remarkable that, thus far, no representatives of the Hsp60 family of molecular 

chaperones have been identified in compartments of the secretory pathway. HspóOs, also 

called chaperonins, consist of large oligomeric complexes that mediate the folding of 

proteins in an ATP-dependent fashion (Hendrick and Hartl, 1993). A cooperative action 

between members of the Hsp70 and Hsp60 families has been demonstrated for the 

mitochondrial import machinery and for the folding of newly synthesized proteins in the 

cytosol of prokaryotic and eukaryotic cells (Frydman et al., 1994; Hartl et al., 1994; 

Stuart et al., 1994). In E. coli, the cooperation between chaperones has been studied in 

some detail. GroEL, the Hsp60 of E. coli, receives unfolded or partially folded substrates 

from an Hsp70-containing chaperone complex (comprising DnaK, DnaJ and GrpE) and 

completion of folding takes place in the central cavity of the GroEL complex. Release of 

folded proteins is regulated by ATP and a co-chaperonin called GroES (Langer et al., 

1992a; Hartl e/α/., 1994). 

Molecular chaperones in the regulated secretory pathway 

In view of the existence of many ER-resident molecular chaperones, it is obvious that the 

ER lumen is an important site for folding of newly synthesized secretory and cell surface 

proteins. It is nevertheless striking that only a limited number of chaperones has been 
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detected in the later compartments of the secretory pathway. In the case of cells that are 

equipped with a regulated secretory pathway, like neuroendocrine cells, this is even more 

remarkable. As part of the sorting process, condensation of prohormones and precursors 

for neuropeptides takes place in the TGN of these cells, probably as a result of the low 

pH (~pH 6) and high calcium concentration (1-5 mM) (Mains and May, 1988; Gerdes 

et ai, 1989; Chanat and Huttner, 1991). Conceivably, the extreme increase in protein 

concentration in the TGN (up to several hundred fold) leads to improper interactions 

between or within polypeptide chains. Besides precursor molecules for bioactive peptides, 

also the enzymes involved in their processing undergo condensation in the TGN. It is of 

vital importance that these enzymes reach the secretory granules in a correctly folded or 

maturation competent form. Thus, an involvement of molecular chaperones is conceivable 

for several folding events in the TGN and secretory granules. Chaperones may well play 

roles in 1) the aggregation of proteins in the TGN on behalf of sorting, 2) prevention of 

super-aggregation or misfolding of proteins in the TGN, 3) dis-aggregation and refolding 

of proteins in secretory granules, 4) activation of enzymes involved in proprotein 

processing and 5) holding proproteins in an appropriate conformation to allow cleavage. 

Whether molecular chaperones indeed exist in the later compartments of the regulated 

secretory pathway is not clear at present. 

IDENTIFICATION OF COMPONENTS INVOLVED IN THE REGULATED SECRETORY 

PATHWAY 

In the last decade, the identification of components that are involved in the secretory 

process has been a major subject of research (for review see Rothman and Orci, 1992). 

Proteins involved in constitutive secretion were predominantly studied in yeast, mainly 

because of its suitability for genetic approaches. In spite of the limited possibilities for 

genetic studies in multicellular organisms, various enzymes and factors involved in 

transport, processing and secretion of proteins in the regulated secretory pathway have 

recently been identified. In this respect, the most interesting finding was undoubtedly the 

discovery of a group of related endoproteases which act in the secretory pathway of 

higher eukaryotes. This family includes the long-sought prohormone convertases, the 

proteolytic enzymes cleaving prohormones to bioactive peptides in the regulated secretory 

pathway. Another group of proteins that are characterized by their widespread distribution 

in the secretory pathway of neuroendocrine cells is the granin family. 
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Identification of the proprotein convertases 

A key to the finding of the prohormone convertases was the discovery of the yeast 

processing protease Kex2, an endoprotease involved in the cleavage of pro-a-mating 

factor and killer toxin precursors in the yeast secretory pathway (Julius et al., 1984; 

Fuller et al., 1988). Kex2 cleaves yeast proproteins at pairs of basic amino acid residues 

and appeared to be a Ca2+-dependent serine protease possessing a bacterial subtilisin-like 

catalytic domain (Julius et al., 1984; Mizuno et al., 1988, Fuller et al. 1989a). A 

computer search revealed a resemblance of Kex2 with a partial mammalian protein 

sequence encoded by a gene found to be closely linked to thefes/Jps proto-oncogene; this 

gene was called fur (feslfps upstream region) (Roebroek et al., 1986; Fuller et al., 

1989b). Subsequent cloning of full-length/Mf cDNAs revealed that the/иг product, named 

furin, is indeed structurally related to Kex2 and that this protein is the first subtilisin-like 

serine protease identified in higher eukaryotes (Van den Ouweland et al., 1990; Van de 

Ven et al., 1990; Wise et al., 1990; Barr et al., 1991). 

Polymerase chain reaction (PCR) strategies using degenerate primers based on 

conserved sequences in the catalytic sites of Kex2 and furin led to the discovery of a set 

of mammalian endoproteases. Besides furin, also called PACE (for Paired basic Amino 

acid Cleavage Enzyme, Barr et al., 1991), this family currently includes prohormone 

convertase 1 (PCI, also referred to as PC3) (Seidah et al., 1990, Smeekens et al., 1991), 

PC2 (Seidah et al., 1990, Smeekens and Steiner, 1990), PACE4 (Kiefer et al., 1991), 

PC4 (Nakayama et al., 1992) and PC5 (also referred to as PC6) (Lusson et al., 1993; 

Nakagawa et al., 1993). In general, these enzymes cleave precursor proteins at pairs of 

basic amino acids. 

All of the Kex2-related convertases contain a signal peptide followed by a 

proregion of about 80 amino acids that is cleaved off to convert the zymogen into the 

active enzyme (Steiner et ai, 1992). The catalytic domains, containing the active sites 

Asp, His, Ser and Asn (Asp for PC2), show a sequence identity of 40% to 50% with 

yeast Kex2. Following the catalytic region, a homo В region, also called P-domain, is 

present. This domain has been reported to be necessary for catalytic activity of furin as 

well as Kex2 (Creemers et al., 1993; Gluschankof and Fuller, 1994). The C-terminal 

segment is the most variable domain between the convertases. Trans-membrane regions 

are present in the C-terminus of Kex2 and furin, and cysteine-rich domains are found in 

furin, PACE4, PC5, and PC6 (Figure 2). 

Besides in mammals, Kex2-homologues have been identified in species throughout 

the animal kingdom. cDNAs encoding furin-like enzymes have been cloned from the fly 
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Figure 2. The eukaryotic family of subtilisin-like proprotein convertases. 

Drosophila melanogaster (Roebroek et al., 1991, 1992), the amphibian Xenopus laevis 

(Korner et al., 1991a), the nematode Caenorhabditis ele gans (Peters and Rose, 1991) and 

the molluscs Lymnaea stagnalis (Smit et al., 1994) and Aplysia californica (Nagle et al., 

1993). A PCl/PC3-derived enzyme was identified in the metazoa Hydra vulgaris (Chan 

et al., 1992) and homologues of mammalian PC2 have been found in Xenopus laevis 

(Braks et al., 1992; Chapter 2) and in molluscs (Smit et al., 1992; Ouimet et al., 1993). 

Furin and PACE4 are expressed in most tissues and are involved in proprotein 

processing in the constitutive pathway, while the others show a more restricted pattern 

of expression. The convertases PC1/PC3 and PC2 are selectively present in neuroen

docrine cells and by now there is ample evidence that these endoproteases are the 

prohormone converting enzymes acting in the regulated secretory pathway (Smeekens, 

1993; Halban and Irminger, 1994). 

Prohormone convertases PC1/PC3 and PC2 

In many neuropeptide/peptide-hormone producing cells, the prohormone convertases 

PC1/PC3 and PC2 are both expressed. The relative levels between the convertases, 

however, vary widely among different tissues and cell types. For instance, in the anterior 

pituitary and the ß-cells of the pancreatic islets, PC1/PC3 is the major convertase, 

whereas in the intermediate pituitary and the pancreatic α-cells, PC2 is predominantly 

expressed (Seidah et al., 1990; Birch et al., 1991; Seidah et al., 1991; Smeekens et al., 

1992). The involvement of PCl/РСЗ and PC2 in the processing of the prohormone pro-
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opiomelanocortin (POMC) has been studied extensively (Benjannet et al, 1991; 

Bloomquist et al, 1991; Thomas et al, 1991). In mammalian anterior pituitary cells, 

POMC is cleaved at a selected number of sites, resulting in the production of 

adrenocorticotropin (ACTH) and ß-lipotropic hormone (ß-LPH). Cleavage of POMC to 

these peptides is thought to be mainly the result of the activity of PC1/PC3. In the 

intermediate pituitary, further processing of ACTH and ß-LPH takes place, giving rise 

to the melanophore-stimulating hormone a-MSH and ß-endorphin, respectively. These 

conversions are likely the result of cleavage by PC2, which shows a broader substrate 

specificity and is active later in the secretory pathway than PC1/PC3. Differences in 

cleavage specificities for PC1/PC3 and PC2 were also observed for the processing of 

other prohormones like proinsulin, prorenin and proenkephalin (Bailyes et al., 1992; 

Benjannet et al., 1992; Smeekens et al., 1992; Breslin et al., 1993). The distinct 

substrate specificities of PCl/РСЗ and PC2, together with their different expression 

patterns, are considered the main factors determining tissue-specific processing of 

prohormones (Benjannet et ai, 1992; Day et al., 1992; Neerman-Arbez et ai, 1994). 

In addition, prohormone conformation and cell-type specific factors contribute to the 

complex regulation of prohormone cleavage (Rangaraju and Harris, 1991; Benjannet et 

al, 1992; Paolillo e/α/., 1992). 

PCl/РСЗ and PC2 are both Ca2+- and pH-dependent proteolytic enzymes that 

cleave their substrates in the acidic environments of the TGN and secretory granules. 

Like other members of the Kex2-like endoproteases, PCl/РСЗ and PC2 are synthesized 

as inactive precursors that only become active after removal of the N-terminal propeptide 

(Steiner et al., 1992). Cleavages of the proregions of proPCl/РСЗ and proPC2 take place 

at pairs of basic amino acids and are thought to be autocatalytic (Goodman and Gorman, 

1994; Matthews et al, 1994). Conversion of the 92-94 kDa proform of PCl/РСЗ into 

the mature 80-87 kDa form occurs in the ER, soon after its synthesis (Benjannet et al, 

1993; Lindberg, 1994; Milgram and Mains, 1994). In the secretory granules of some 

endocrine cell types, additional C-terminal processing of PCl/РСЗ takes place, resulting 

in a 66-kDa active product (Christie et al, 1991; Vindrola and Lindberg, 1992). The 75-

76 kDa proform of PC2 is cleaved into its 67-69 kDa active form relatively late in the 

secretory pathway, probably in the TGN or secretory granules (Guest et al, 1992; 

Benjannet et al., 1993; Zhou and Mains, 1994). The slow rate of conversion of proPC2 

compared to proPCl/РСЗ is in line with the observation that substrate cleavages by 

PCl/РСЗ occur earlier in the secretory pathway than by PC2. At present, the factors 

regulating the sequential maturation and activitation of PCl/РСЗ and PC2 are unknown. 
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The granin family 

General constituents of the secretory granules of neuroendocrine cell types are proteins 

belonging to the granin family. The first granin, chromogranin A, was already described 

in 1967 after its isolation from chromaffin granules of the adrenal medulla (Blaschko et 

al., 1967). Granins are acidic secretory proteins with an unknown function and initially 

this group consisted of chromogranin A, chromogranin В (secretogranin I) and 

chromogranin С (secretogranin II) (Eiden et al, 1987). Currently, also IB1075 

(secretogranin III), the HISL-19 antigen (secretogranin IV) and the neuroendocrine 

polypeptide 7B2 (secretogranin V) are considered as granins (Huttner et al., 1991). 

Within the family, only chromogranins A and В show a clear structural relationship 

(Iancangelo et al., 1986; Benedum et al., 1987). All granins are characterized by acidic 

isoelectric points and by the presence of several pairs of basic residues in their amino 

acid sequences (Huttner et al., 1991). They all undergo complete or partial proteolytic 

processing at these dibasic sites, giving rise to smaller peptides which are secreted 

(Winkler and Fischer-Colbrie, 1992; Sigafoos et al., 1993a). Among the identified 

secreted products are the chromogranin-A-derived peptides pancreastatin (Konecki et al., 

1987) and chromostatin (Galindo et al., 1991), and a cleavage product of secretogranin 

II, named secretoneurin (Vaudry and Cordon, 1991; Kirchmair et ai, 1993). Based on 

their property to undergo cleavage, it has been proposed that the granins may serve as 

precursor molecules for biologically active peptides (Huttner et al., 1991 ; Sigafoos et al., 

1993a). However, it has also been suggested that members of the granin family might 

function intracellularly as modulators of precursor processing, or as helper proteins in the 

sorting or packaging of (pro)hormones (Rosa et ai, 1985; Seidah et ai, 1987; Huttner 

et al., 1991; Wand et al., 1991; Huttner and Natori, 1995). Despite many years of 

research, the biological significance of the granins has yet to be elucidated. 

The intermediate pituitary of Xenopus laevis as a model system to study components of 

the regulated secretory pathway 

In order to identify components of the regulated secretory pathway, we used as a model 

system the intermediate pituitary of the South African clawed toad Xenopus laevis. 

Xenopus is able to adapt the colour of its skin to its background by means of a neu

roendocrine reflex. Information concerning the colour of the environment is perceived by 

the visual system and is processed in the central nervous system resulting in a neural 

signal that reaches the pars intermedia of the pituitary gland. The Xenopus intermediate 
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pituitary contains only one type of endocrine cells, the melanotrope cells. In response to 

a dark background these cells release the hormone aMSH, which stimulates dispersion 

of the black pigment melanin in the melanophores of the skin, causing darkening of the 

animal. As mentioned above, aMSH is synthesized in the form of a large precursor, the 

prohormone POMC, which is cleaved at pairs of basic amino acids to generate the 

biologically active peptides (Eipper and Mains, 1980). In the melanotrope cells of black-

adapted Xenopus, the production of POMC is very high and therefore these cells can 

function as a model system to study components of the regulated secretory pathway. 

For the proper biosynthesis and secretion of aMSH, the melanotrope cell 

produces, in addition to POMC, several proteins that are associated with its secretory 

function. These include factors and enzymes that are required for processes like 

translocation, folding, sorting, packaging, cleavage and exocytosis of the (pro)hormones. 

In order to identify proteins that are involved in the regulated secretory pathway, a 

differential hybridization technique was used. This technique was based on the fact that 

the biosynthetic and secretory activity of intermediate pituitary cells in black-adapted 

Xenopus is much higher than in white-adapted animals. A pituitary cDNA library of 

black-adapted Xenopus was differentially screened with probes derived from RNA of 

intermediate pituitary cells of white-adapted and black-adapted toads. One of the 

differentially hybridizing clones encoded a member of the granin family, the neuroen

docrine polypeptide 7B2 (Martens et al., 1989). This protein of unknown function was 

originally isolated from human and porcine pituitary glands by Chrétien, Seidah and their 

colleagues (Hsi et al., 1982; Seidah et al., 1983). 7B2 appeared to be widely distributed 

in neural and endocrine cells (Iguchi et al., 1984, 1985; Marcinkiewicz et al., 1985; 

Suzuki et al, 1985, 1988; Falgueyret et al., 1987; Mbikay et al., 1991) where it is 

localized within secretory granules (Marcinkiewicz et al., 1986, 1987; Benjannet et al., 

1988). At present, the cDNAs for Xenopus (Martens et al., 1989), human (Martens, 

1988), rat (Waldbieser et al., 1991), mouse (Mbikay et al., 1989), porcine (Brayton et 

al, 1988) and salmon 7B2 (Waldbieser et al., 1991) have been cloned and the deduced 

amino acid sequences revealed a strong evolutionary conservation of the protein. In 

Xenopus intermediate pituitary, 7B2 is coordinately expressed with POMC and 

biosynthetic studies revealed that 7B2 is produced as a 25-kDa precursor that is cleaved 

at its C-terminus to an 18-kDa secretory product (Ayoubi et al., 1990). For 7B2, 

extracellular roles, such as acting as an endocrine or paracrine factor, as well as 

intracellular functions have been suggested (Iguchi et al., 1987a; Marcinkiewicz et al., 

1987; Martens, 1988; Huttner et al., 1991; Senatorov et al., 1993). Another differentially 
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hybridizing clone that was isolated from the Xenopus pituitary cDNA library encoded 

PC2. PC2 has a well-defined function in the secretory pathway and, like for POMC and 

7B2, its expression is highly induced in intermediate pituitaries of black-adapted toads 

(Braks et al., 1992; Chapter 2). In this light, the coexpression of 7B2 with POMC and 

the distribution of 7B2 in a wide variety of neuroendocrine cell types indicate that 7B2, 

like PC2, might well have a function in the regulated secretory pathway. 

AIM AND OUTLINE OF THE THESIS 

The main goal of the studies described in this thesis was to elucidate the biological role 

of the neuroendocrine polypeptide 7B2. 

Since the nucleotide sequence of Xenopus 7B2 mRNA was only partially known, 

a cDNA library of intermediate pituitaries of black-adapted Xenopus was screened with 

the partial cDNA to isolate a full-length 7B2 cDNA clone. In Chapter 1 the cloning and 

sequence analysis of the cDNA that encodes the complete Xenopus 7B2 preprotein is 

described. This full-length clone appeared to be structurally different from the previously 

isolated partial Xenopus 7B2 cDNA. 

Chapter 2 describes the cloning of a full-length Xenopus cDNA encoding another 

neuroendocrine-specific protein mentioned above, namely the prohormone convertase 

PC2. Like 7B2, PC2 is coregulated with POMC in the intermediate pituitary of Xenopus. 

During the search for the biological role of 7B2, a structural similarity was found 

between the N-terminal half of 7B2 and a region in chaperonins or 60 kDa heat shock 

proteins (Hsp60s). Chaperonins belong to the family of molecular chaperones and 

transiently interact with other proteins to mediate their folding. The similarity of 7B2 

with this group of proteins led us to search for a neuroendocrine substrate with which 

7B2 may interact. In Chapters 3 and 4 we show that 7B2 specifically binds to PC2 in 

vitro as well as in vivo. In Chapter 3 we used an in vitro enzyme assay to demonstrate 

that recombinant intact 7B2, but not the processed form of 7B2, strongly inhibits PC2 

activity. The C-terminal half of 7B2 was shown to display a low degree of similarity with 

a family of protease inhibitors belonging to the potato inhibitor I family. In Chapter 4 we 

demonstrate that intact 7B2, but not the processed form, is transiently associated with the 

inactive preform of PC2 during its transit through the secretory pathway of Xenopus 

intermediate pituitary cells. 

In Chapter 5 the interaction between 7B2 and proPC2 is described in more detail. 
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General Introduction 

We examined the relationship between the processing of proPC2 and 7B2, and the 

dissociation of the proPC2/7B2 complex in Xenopus as well as mouse intermediate 

pituitary cells. In addition, we report the effect of various mutant forms of 7B2 on the 

in vitro conversion of proPC2 into its mature form. 

Chapter 6 describes a preliminary study on a possible role of the processed form 

of 7B2. Surprisingly, this form of 7B2 was found to enhance in vitro processing of 

POMC by Xenopus PC2 via an unknown mechanism. 

In Chapter 7 the effect of overexpression of the 7B2 protein on the biosynthesis 

of PCI and the processing of POMC was studied in the mouse anterior pituitary tumor 

cell line AtT20. 

Chapter 8 presents the structural organization of the 7B2 gene and an analysis of 

the human 7B2 gene promoter. 

Finally, in the General Discussion section, a model is presented which summarizes 

the results, implications of the findings are discussed and directions for future studies are 

given. 
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Chapter 1 

SUMMARY 

7B2 is a protein with an unknown function that is selectively present in neuroendocrine 

cells. In this study a full-length 7B2 cDNA clone was isolated from a cDNA library of 

intermediate pituitaries of black-adapted Xenopus laevis. The 1-kb insert contained an 

open reading frame of 208 amino acids including a signal peptide of 26 residues. 

Comparison of the nucleotide sequence of this clone with that of a previously isolated 

partial Xenopus 7B2 cDNA revealed four nucleotide substitutions, one of which results 

in a change of amino acid. The novel transcript likely corresponds to a second 7B2 gene 

transcript expressed in Xenopus intermediate pituitary. Using RNase protection assays, 

7B2 mRNA was detected in brain and in intermediate and anterior pituitaries of Xenopus. 

As expected, the expression of 7B2 mRNA was much higher in intermediate pituitaries 

of black-adapted Xenopus than in those of white-adapted toads. Analysis of the 7B2 

structure revealed that this protein is remarkably well conserved throughout vertebrate 

evolution, in particular its N-terminal region. This suggests an important biological role 

for 7B2 in neuroendocrine cells. 

INTRODUCTION 

7B2 is a secretory protein exhibiting a widespread distribution in the central nervous 

system and in endocrine tissues (Iguchi et al., 1984, 1985; Marcinkiewicz et al., 1985; 

Suzuki étal., 1985, 1988; Falgueyret et al., 1987; Mbikay et al., 1991). Immunocyto-

chemical studies revealed that, within the neuroendocrine cells, 7B2 is localized in dense 

core secretory granules (Marcinkiewicz et al., 1986, 1987; Benjannet et al., 1988). Based 

on its expression profile and its acidic character, 7B2 has been classified as a member of 

the chromogranin/secretogranin family (Huttner et al., 1991). 7B2 was found to be 

elevated in tissues and plasma of patients with various types of endocrine tumors and was 

proposed as a specific tumor marker (Suzuki et al., 1986, 1987; Marcinkiewicz et al., 

1988a; Steel et al., 1988; Natori et al., 1988; Ohashi et al., 1990). The physiological 

function of 7B2 is unknown, but its selective association with neuroendocrine cells indica

tes that 7B2 plays a role during the transport or secretion of hormones and neuropeptides. 

Alternatively, the secretory protein 7B2 may have an extracellular role. The 7B2 protein 

was originally isolated and partially sequenced by Chrétien and colleagues using porcine 

and human anterior pituitary glands (Hsi et ai, 1982; Seidah et al., 1983). 
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Analysis of a second Xenopus gene transcript encoding 7B2 

The first cDNA clone encoding 7B2 was isolated from a cDNA library of the 

intermediate pituitary of the amphibian Xenopus laevis after the application of a differen

tial hybridization technique in order to identify genes that are coordinately expressed with 

the gene for the prohormone proopiomelanocortin (POMC) (Martens et al., 1989). 

POMC is produced in the melanotrope cells of the intermediate pituitary where it is 

processed to the melanophore-stimulating hormone aMSH, a hormone that stimulates 

pigment dispersion in the dermal melanophores of Xenopus. In these cells, the bio-

synthetic activity for the production of POMC can be physiologically manipulated by 

means of adaptation of the animal to a white or black background. The differentially 

hybridizing 7B2 clone appeared to represent the nearly complete Xenopus 7B2 protein 

sequence and was then used as a probe for screening a human pituitary cDNA library. 

A human 7B2 cDNA clone was isolated and the complete primary structure of the human 

7B2 polypeptide could be determined (Martens, 1988). The cDNA structure revealed the 

presence of a signal peptide, which is a characteristic feature of peptides entering the 

secretory pathway. In addition, 7B2 contains three pairs of basic amino acid residues in 

its C-terminal region, representing potential proteolytic cleavage sites. Except for the 

human and Xenopus 7B2 cDNAs, thus far also 7B2 cDNAs for pig (Brayton et al., 

1988), rat (Waldbieser et al, 1991), mouse (Mbikay et al, 1989) and salmon (Wald-

bieser et al, 1991) have been cloned and sequenced. At present, 7B2 is not known from 

invertebrate species. 

The present study was initiated to determine the complete amino acid sequence of 

the Xenopus 7B2 preprotein. Here, we report the isolation of a full-length 7B2 cDNA 

clone structurally different from the previously isolated Xenopus cDNA clone. In 

addition, the distribution of 7B2 mRNA in several Xenopus tissues was studied by means 

of an RNase protection assay. 

EXPERIMENTAL PROCEDURES 

Screening of a Xenopus intermediate pituitary cDNA library 

A cDNA library in λΖΑΡΙΙ (Stratagene) prepared from RNA of neurointermediate 

pituitaries of black-adapted Xenopus (Braks et al., 1992) was screened using a random-

primed insert DNA of human pituitary 7B2 cDNA clone (XH7, Martens, 1988) prepared 

according to standard procedures (Sambrook et al, 1989). Hybridization was carried out 

for 16 h at 55'С in 6xSSC (lxSSC is 0.15 M NaCl, 0.015 M sodium citrate, pH 7.0), 
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3x Denhardt's solution, 0.04 M sodium phosphate (pH 7.0), 0.1% SDS, 0.1% sodium 

pyrophosphate, 1 mM EDTA, 0.1 mg/ml salmon sperm DNA and 8% dextran sulphate. 

Filters were washed twice for 5 min at room temperature and twice for 30 min at 55"С 

in 2xSSC, 0.1% SDS, 0.1% sodium pyrophosphate and 1 mM EDTA. Hybridization-

positive phage plaques were purified and the pBluescript SKphagemids were rescued 

from the λΖΑΡΙΙ clones by in vivo excision according to the manufacturers instructions. 

Single-stranded sequencing of pBluescript phagemid clone X6597 and subclones was 

performed using the dideoxy chain termination method (Sanger et al., 1977). 

RNase protection assay 

Total RNA of various Xenopus tissues was prepared according to the method of 

Chomczynski and Sacchi (1987), using acid-guanidine isothiocyanate-phenol-chloroform 

extraction. An EcoRV fragment of 0.7 kb was removed from Xenopus 7B2 cDNA clone 

X6597 and the resulting construct was used as a template to generate a specific RNA 

probe. The construct was linearized by cutting with ВатШ and RNA probes were 

synthesized as run-off transcripts with T3 RNA polymerase. Transcription was performed 

at 37'С for 30 min in 12.5 μΐ transcription buffer (Promega) containing 60 units T3 RNA 

polymerase (Pharmacia), 10 mM DTT, 50 ¿iCi [32P]UTP (800 Ci/mmol, Amersham), 

17.5 units RNase inhibitor (Promega) and 1 mM each rATP, rCTP, and rGTP. After 

treatment with 9 units of DNase I (Pharmacia) for 10 min at 37'C, the probe was 

purified on a 5% polyacrylamide/8 M urea gel. About 1 χ IO5 cpm of the probe was 

combined with total RNA samples in 25 μΐ hybridization mix (80% formamide, 400 mM 

NaCl, 40 mM Pipes, pH 6.4 and 1 mM EDTA). Samples were incubated at 80"C for 5 

min before hybridization for 16 h at 50'C. After hybridization, non-hybridized RNA was 

digested with 25 μg/ml RNase A and 500 units/ml RNase Tl in 300 μΐ 10 mM Tris-HCl, 

pH 7.5, 5 mM EDTA, pH 8.0, 300 mM NaCl for 30 min at 37"С. Samples were treated 

with proteinase K, phenol extracted and ethanol precipitated using 10 μg tRNA as carrier. 

Samples were run on a 5% polyacrylamide/8M urea gel and radioactivity was visualized 

by autoradiography. 
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Analysis of a second Xenopus gene transcript encoding 7B2 

RESULTS AND DISCUSSION 

Cloning and sequence analysis of a second Xenopus 7B2 gene transcript 

In order to determine the complete primary structure of Xenopus 7B2, a cDNA library 

constructed from intermediate pituitary mRNA of black-adapted Xenopus, was screened 

with a human 7B2 cDNA fragment as a probe. A total of eight positive clones were 

identified out of approximately 4,000 cDNA clones. One of these, clone 6597, was 

sequenced and a cDNA stretch comprising 1002 nucleotides was found, not including the 

poly (A) tail (Figure 1). This clone codes for the Xenopus 7B2 protein since a high degree 

of nucleotide-sequence identity was found with human 7B2 cDNA. On the basis of the 

presence of a poly(A) tail of 100-200 nucleotides, clone 6597 represents the nearly 

complete 7B2 mRNA sequence since Northern blot analysis of Xenopus brain mRNA 

previously revealed a 7B2 transcript with a size of about 1200 nucleotides (Martens et 

al., 1989). The sequence contains 10 nucleotides of the 5'-untranslated region, an open 

reading frame of 624 bp, followed by a 3' non-coding region of 368 bp which includes 

two polyadenylation signals (AATAAA) (Proudfoot and Brownlee, 1976). The 208 amino 

acid residues deduced from the cDNA sequence likely represent the complete structure 

of Xenopus pre-7B2, including a signal peptide of 26 amino acids. Among the first 26 

amino acids of the open reading frame, 4 methionine residues are present but only the 

nucleotide sequence around the first methionine fulfils the consensus for translation 

initiation (Kozak, 1991). A number of hydrophobic amino acids are present in the region 

corresponding to the first 26 amino acids of the open reading frame. The prepeptide is 

likely to end with Ser-Leu-Gly, a tripeptide that satisfies the requirements for a signal 

peptidase recognition site (Perlman and Halvorson, 1983). In the pre-7B2 sequences of 

other species the signal peptidase recognition site Ala-X-Ala is found at this position (see 

Figure 3). 

Removal of the signal peptide would generate a protein of 182 amino acids with 

a calculated molecular weight (Mr) of 20,299. This size is comparable to the calculated 

Mr of 7B2 from mammalian species ( — 20,800). However, the molecular masses 

estimated by SDS-PAGE are rather different from these values. The Xenopus and mouse 

7B2 precursors migrate as a 25-kDa protein and a 29-kDa protein (Ayoubi et al., 1990; 

Paquet et al., 1991a), respectively. Since 7B2 is not glycosylated, the electrophoretic 

analyses apparently lead to an overestimation of the molecular weight. An anomalous 

mobility on SDS-PAGE has also been noted for other proteins in the secretory pathway 

of neuroendocrine cells like for POMC and chromogranins A and В (Nakanishi et al., 
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Figure 1. Nucleotide sequences and deduced amino acid sequences of intermediate pituitary cDNAs 
encoding the Xenopus 7B2 proteins A and В Amino acid sequence numbering starts at the N-termmal 
residue of the mature 7B2 protein В with the presumptive signal peptide sequence being indicated by 
negative numbering The sequence of 7B2 transcript A starts at nucleotide 152 and only nucleotides and 
amino acids different from sequence В are indicated Asterisks denote the translation termination codon 
The two signals for polyadenylation (AATAAA) are overlmed 

1979, Iacangelo et al, 1986, Benedum et al., 1987) and may be due to the large number 

of charged ammo acid residues present in these precursors 

Comparison of the two Xenopus 7B2 mRNA transcripts 

Comparison of the nucleotide sequence of clone 6597 with that of the previously isolated 

partial Xenopus 7B2 cDNA clone pX9 (Martens et al , 1989) reveals four differences m 

the overlapping 851 nucleotides (nucleotide positions 151 to 1002 of clone 6597, Figure 

1) Only one of these nucleotide substitutions affects the amino acid sequence The codon 

for aspartate (GAC) at amino acid position 179 in pX9 (7B2 transcript A) is substituted 

by a codon for glycine (GGC) in clone 6597 (7B2 transcript B) About 30 million years 

ago the genome of Xenopus laevis underwent a duplication event (Bisbee et al, 1977) 

The occurrence of two structurally different 7B2 cDNA clones is therefore likely the 

Lya Thr Gly Asp Gly Cya Leu Glu Asp Thr Pro Aap Thr Ala Gin Phe Ser 
AAA ACT GGT GAT GGS TGC CTG GAG GAT ACC CCA GAT АСА GOT CAA TTT AGC 

28 



Analysis of a second Xenopus gene transcript encoding 7B2 

result of transcription of two distinct 7B2 genes in Xenopus intermediate pituitary. The 

existence of two transcripts has also been demonstrated for several other Xenopus proteins 

like serum albumin (Westley et al., 1981), vitellogenin (Wahli and David, 1979; 

Germond et al., 1983), proenkephalin (Martens and Herbert, 1984), POMC (Martens, 

1986), D2 dopamine receptor (Martens et al., 1993) and PC2 (Braks et al., 1992). At the 

amino-acid-sequence level, the identities between these protein pairs are somewhat lower 

(92-95%) than between the two Xenopus 7B2 proteins (99.5%). It is striking that the 3'-

untranslated regions of Xenopus 7B2 gene transcripts A and В are identical. In general, 

the degree of sequence conservation in untranslated mRNA regions is far less than in 

protein-coding regions. The strong conservation of the 3'-untranslated region was also 

noticed in an alignment of Xenopus and human 7B2 mRNAs (Martens et al., 1989). 

Several portions in this region, comprising more than 20 nucleotides, showed a sequence 

identity of more than 70% between the two species. The significance of the highly 

conserved 3' ends of the 7B2 transcripts remains to be established. 

Two mRNAs for 7B2 have also been identified in human pituitary, differing only 

by the presence of an additional codon for alanine at amino acid position 100 in one of 

the 7B2 transcripts (Paquet et al., 1991). The appearance of this form is likely the result 

of an alternative splicing mechanism, as revealed by analysis of the acceptor splice site 

in the human 7B2 gene. Dimorphism at this position was also observed in other human 

endocrine tissues and in different species including mouse, rat, pig, cow and monkey, but 

not in fish and chicken (Paquet et al., 1991). Xenopus 7Β2 transcripts A and В both lack 

an additional codon at this position. 

Expression of Xenopus 7B2 mRNA 

The expression levels of 7B2 mRNA in several Xenopus tissues were determined by 

RNase protection assay. In the intermediate pituitary of black-adapted toads, the amount 

of 7B2 mRNA appeared to be more than 10 times higher than in white-adapted animals 

(Figure 2). In the anterior pituitary of both black- and white-adapted Xenopus, the 7B2 

mRNA content is about 5 times less than in the intermediate pituitary of white-adapted 

animals. The 7B2 expression level in brain was comparable to the amount in the anterior 

pituitary. As expected, no 7B2 mRNA was detected in the liver, a non-endocrine tissue. 

The appearance of two protected bands could well be the result of the expression of two 

7B2 genes in the Xenopus pituitary. The probe used in the RNase protection assay 

consisted of 350 nucleotides of the 5' end of 7B2 transcript В (clone 6597) and in this 

region at least 3 nucleotides are different from 7B2 transcript A. 
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Figure 2. Analysis of 7B2 mRNA 
expression in various Xenopus tissues by 
RNase-protection assay. Radiolabeled 7B2 
antisense RNA was hybridized to total RNA 
extracted from various Xenopus tissues. 
Following hybridization, samples were di
gested with RNase-A and T-l, and loaded 
on a denaturing Polyacrylamide gel. Sam
ples contained RNA from 1/5 intermediate 
pituitary of black- (int. pit. b.a) or white-
adapted Xenopus (int. pit. w.a.), from 1 
anterior pituitary of black- (ant. pit. b.a.) or 
white-adapted Xenopus (ant. pit. w.a.) and 
5 /ig RNA from liver or brain. The un
digested probe and tRNA were included as 
controls. 

Analysis of the 7B2 amino acid sequence 

The amino acid sequences deduced from the known 7B2 cDNAs of different species are 

compared in figure 3. The degree of sequence similarity between 7B2 oí Xenopus and 

other vertebrate species is remarkably high. The overall identities vary from 71% 

between Xenopus and salmon 7B2 to 84% between Xenopus and human 7B2, whereby 

most differences concern conservative amino acid substitutions. Especially the first 76 

amino acids at the N-terminus are remarkably well conserved (table I). In all cases, the 

sequence identities between the N-terminal 7B2 regions exceed 90%. The overall degree 

of amino acid similarity of Xenopus 7B2 with its mammalian homologues is comparable 

to what was found for prohormone convertase PC2 (85-87%) (Braks et al, 1992) but is 

considerably higher than what was reported for the counterparts of Xenopus POMC 

(53%) (Martens, 1986) and the D2 receptor (72-75%) (Martens et al, 1993). 

In the 7B2 precursor, three pairs of basic amino acids are present that can serve 

as cleavage sites for proprotein convertases. These sites are located at positions 138-139, 

153-154 and 171-172 oí Xenopus 7B2 and are also found at similar positions in mam

malian 7B2 structures. In the salmon 7B2 protein, no dibasic site is present at positions 

138-139. In the mouse and rat sequences, an additional pair of basic amino acids is found 

at positions 163-164. In Xenopus intermediate pituitary, processing of the 25-kDa 7B2 

precursor into the 18-kDa secreted form appeared to occur at the Lys138-Lys139 site 

(Ayoubi et al., 1990). From porcine anterior pituitaries a 23-kDa 7B2-derived peptide has 
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Í1) Xenopus 782 (A) 
(2) Xenopus 7B2 (B) 
(3) Human 7B2 
(4) Mouse 7B2 
Í5) Rat 7B2 
(6) P ig 7B2 
(7) Salmon 7B2 

(1) 
(2) 
Í3) 
(4) 
(5) 
(6) 
(7) 

(1) 
(2) 
Í3) 
Í4) 
ÍS) 
(6! 

, s i g n a l p e p t i d e , 
MEELGIARPRVEYPAHQAM 

MGMYSAIPLALPMVLLMVYGLTPSLSHSPRTPDRVSEADIQRLLHeVMEELGIARPRVEYPAHQÄM 
MVSRMVSTMLSGLLFWLASGWTPAFAYSPRTPDRVSEADIQRLLHGVMEQLGIARPRVEYPAHQAM 
MASRLVSAMLSGLLFWLMFETOPAFAYSPRTPDRVSBTDIQRLbHGVMEQLGIARPRVEYPAHQAM 
MTSRM--AIL·SGL·L·FWL·L·L·EWNPAFAYSPRTPDRVSETDIQRLL·HGVMEQL·GIARPRVEYPAHOAM 
MVSTM LSGLVLWLTFGWTPAIAYSPRTPDRVSETDIQRLLHGVMEQLGIARPRVEYPAHO.AM 

QAT * * ********** *********** *************** 

80 100 120 140 

TOVGPOSIEGGAHEGLQHMPYGNIPNIVAELTGDNIPKDFREB^YPNPPNPCPVGKT-GDGCLEDTPDTAQFSREYQMQNLY 
NLVGPQSIEGGAHEGLQHLGPYGNIPNIVAELTGDNIPKDFREDQGYPNPPNPCPVGKT-GDGCLEDTPDTAQFSREYQLHQNLY 
OT,VGPQSIEGGAHEGLQHLGPFGNIPNIVAELTGDNIPKDFSEDQGYPDPPNPCPVGKT-DTCCLENTPDTAEFSREFQLHOHbF 
NLVGPQSIEGGAHEGLQHLGPFGNIPNIVAELTGDNIPKDFSEDQGYPBPPNPCPLGKTADTCCLEHAPDTAEFSREFQLDQHLF 
ИЬ вРОЗІЕСОАНЕеЬОНІЯРКОНІРКІ АЕЬТвОНІРКСРвЕІХіОУРОРРНРСРІ/ЗКТАОІХЗСЬЕНАРОТАЕРЗКЕРОиЗОВЪР 
NLVGPQSIEGGAHEGLÖHLGPFGNIPNIVAELTGDOTPKDFSEDQGYPDPPNPCPIGKT-DDGCLENTPDTAEFSREFQLHQHLF 
NIVGPQSIOGGAHEGLQHLGPYGNIPNIVAELTGDNIPKYFSEDHGYPNPSNPCPLGKTAADGCLENVPDTAEFSREFQKHQHLF 

160 180 200 

DPEHNYPGASTWNKKLLYEKIKOASQRQKRTVN- PYLQGQKLDKWAKXSVPHFSDEEE 
DPEHNYPGASTWSKKLLYEKIKGASQRQKRTVN-PYLQGQKLDKWAKKSVPHFSGEEE 
DPEHDYPGLGKmKKLLYEKMKGGERRKRRSra-PYLQGQRLDNWAKKSVPHFSDEDKDPE 
DPEHDYPGLGKraKKLLYEKMKGGQRRKRRSVN-PYLQGKRLDNVVAKKSVPHFSEEEKEAE 
DPEHDYPGLGKmKKLLYEKMKGGQRRKRRSVN-PYLQGKRLDNVVAKKSVPHFSEEEKEPE 
DPEHDYPGLGKTOKKLLYEKKKGGQRRKRRSTO-PYLO/SQRLDNWAKKSVPHFSDEDKDPE 
DPEroYPALAKWNKERLYQKLKGGPKRRQRSVWPYI^GQKUWWAKKSVPHYPEEEPYRTST 

Figure 3 . Comparison of the amino acid sequences of Xenopus (A and B), human, mouse, rat, pig and 
salmon 7B2. The one-letter amino acid notation is used. Gaps (-) have been introduced to achieve 
maximum similarity. The human, mouse, rat, pig and salmon sequences were taken from Martens (1988), 
Mbikay et al. (1989), Waldbieser et al. (1991), Brayton et al. (1988) and Waldbieser et al. (1991), 
respectively. 

been isolated, which appeared to be the result of cleavage of the 29-kDa 7B2 precursor 

at a region of five basic residues (Arg151-Arg-Lys-Arg-Arg155) (Lazure et al., 1991). In 

Xenopus 7B2, only three basic residues are present at the comparable position (Gln150-

Arg-Gln-Lys-Arg154). It is not known which proprotein convertase in the secretory 

pathway is responsible for the cleavage of 7B2, either PCI, PC2, furin or another 

endoprotease. From experiments using recombinant vaccinia viruses it appeared that the 

ubiquitously expressed processing enzyme furin might be involved in the cleavage of 7B2 

at amino acid positions 151-155 in mammalian cells (Paquet et al., 1994). In Xenopus 

intermediate lobes, the processing of 7B2 is not likely the result of furin activity since the 

basic amino acid pair Lys-Lys is not a cleavage site of this enzyme. 

The 7B2 protein contains two conserved cysteine residues (at positions 94 and 

103) that might form a disulfide bridge. Analysis by non-reducing SDS-PAGE revealed 

that an intrachain disulfide bond is indeed present in newly synthesized 7B2 from 
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Table 1. Amino acid sequence identity (%) among 7B2 proteins from a number of species 

Xen. A Xen В human mouse rat pig 
O N C O N C O N C O N C O N C O N C 

Xen. В 99 100 99 
human 84 96 77 84 96 76 
mouse 81 96 74 82 95 74 94 99 91 
rat 81 96 74 82 95 74 95 99 92 99 100 99 
pig 82 96 75 83 95 75 98 99 97 95 100 91 95 100 92 
salmon 71 92 64 71 95 64 76 90 72 78 90 74 78 90 73 76 90 72 

The ammo acid sequences have been taken from Figure 3. Signal peptide sequences are not included in the 
comparisons Identities are indicated between the overall 7B2 structures (O), the 76 N-terminal amino acids 
of the 7B2 structures (N) and the remaining 106-113 C-terminal amino acids of the 7B2 structures (C) For 
Xenopus 7B2 protein A and salmon 7B2 only partial protein sequences are known and in these cases 
identities between the overlapping regions are listed. 

Xenopus intermediate pituitaries (unpublished results). 

In all 7B2 structures known thus far, two potential sites for serine phosphorylation 

by casein kinase 2 are present. The serines at positions 10 and 178 are part of a consen

sus sequence for phosphorylation by this enzyme (Ser/Thr-X-X-acidic residue) (Pinna, 

1990). Recently a tridecapeptide, corresponding to the C-terminus of 7B2, was isolated 

from bovine adrenal medulla chromograffin vesicles (Sigafoos et al., 1993b). In this 

peptide, the serine residue corresponding to Ser178 in the 7B2 precursor appeared to be 

phosphorylated. It is not clear whether phosphorylation at this residue takes place before 

or after processing of the 7B2 precursor. In our in vivo phosphorylation experiments 

using Xenopus intermediate pituitaries, no phosphorylated 25-kDa 7B2 precursor or 18-

kDa product was detected (unpublished results). 

In all species except Xenopus, the tyrosine residue at position 130 is part of a 

putative sulfation site. In the Xenopus sequence an acidic amino acid at position -1, which 

is required for sulfation, is missing (Rosenquist and Nicholas, 1993). Recently it was 

demonstrated that in vaccinia-virus infected AtT20 cells recombinant mouse 7B2 is 

sulfated prior to its processing (Paquet et al., 1994). The significance of this sulfation 

event is not known. 

Like many neuroendocrine secretory proteins, 7B2 is an acidic protein. The 

calculated isoelectric point (pi) of the Xenopus 7B2 precursor is 6.31 and of the processed 

18-kDa form 4.71. The pi of the mammalian 21-kDa processed form of 7B2 has been 

32 



Analysis of a second Xenopus gene transcript encoding 7B2 

determined on two-dimensional gels and appeared to be about 5 (Seidah et al., 1983; 

Marcinkiewicz et al., 1988b). Based on its acidic pi and its wide expression in neuroen

docrine tissues, 7B2 has been classified as a member of the chromogranin/secretogranin 

family (Huttner et al., 1991). In addition to 7B2 (secretogranin V), chromogranins A and 

B, secretogranins II and III and the HISL-19 antigen belong to this family. No similarity 

is found between the primary structures of 7B2 and the other granins. In spite of their 

high levels of expression in neuroendocrine cells, the physiological role of the granins is 

not well understood. Both a role in the secretory pathway as well as a function as 

precursor molecules to biologically active peptides have been proposed (Huttner et al., 

1991). In chapters 3-7 the role of 7B2 will be investigated. 
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SUMMARY 

The multifunctional prohormone proopiomelanocortin (POMC) is processed in the 

melanotrope cells of the pituitary pars intermedia at pairs of basic amino acid residues 

to give a number of peptides, including α-melanophore-stimulating hormone (a-MSH). 

This hormone causes skin darkening in amphibians during background adaptation. Here 

we report the complete structure of Xenopus laevis prohormone convertase PC2, the 

enzyme thought to be responsible for processing of POMC to a-MSH. A comparative 

structural analysis revealed an overall amino acid sequence identity of 85-87% between 

Xenopus PC2 and its mammalian counterparts, with the lowest degree of identity in the 

signal peptide sequence (28-36%) and the region amino-terminal of the catalytic domain 

(59-60%). The occurrence of a second, structurally different PC2 protein reflects the 

expression of two Xenopus PC2 genes. The expression pattern of PC2 in the Xenopus 

pituitary gland of black- and white-adapted animals was found to be similar to that of 

POMC, namely high expression in active melanotrope cells of black animals. This 

observation is in line with a physiological role for PC2 in processing POMC to a-MSH. 

INTRODUCTION 

In the melanotrope cells of the pituitary pars intermedia of the amphibian Xenopus laevis 

the rate of production of the prohormone proopiomelanocortin (POMC) is dependent on 

the color of the background on which the animal is placed. On a black background the 

melanotrope cells produce large amounts of POMC while on a white background POMC 

gene expression is at a low level (Martens et al., 1987). We use the Xenopus melanotrope 

cell as a model system to study regulatory mechanisms involved in the biosynthesis and 

secretion of biologically active peptides. In the melanotrope cells POMC is processed to 

a number of bioactive peptides, including α-melanophore-stimulating hormone (a-MSH) 

(Eipper and Mains, 1980). After secretion into the blood this hormone stimulates the 

dispersion of pigment granules in the melanophores of the skin, thus imparting a dark 

color to the animal. Processing of POMC, and of most other prohormones, occurs at 

pairs of basic amino acid residues which flank the bioactive peptides on both sides 

(Douglass et al., 1984). Until recently, the specific proteolytic enzymes responsible for 

such prohormone processing have remained elusive. Based on the homology with the 

endoprotease KEX2 from yeast, three putative mammalian proprotein cleaving enzymes, 
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namely furili, and the prohormone convertases PCI (also referred to as PC3) and PC2, 

have been characterized by cloning and sequencing of their cDNAs (Roebroek et al., 

1986; Fuller et al., 1989b; Seidah et al., 1990; Smeekens and Steiner, 1990; Seidah et 

al., 1991; Smeekens et al., 1991). Recently, two additional members of this family of 

subtilisin-related serine proteases have been cloned and they were designated PC4 and 

PACE4 (PACE for Paired basic Amino acid residue Cleaving Enzyme (Nakayama et al., 

1992; Kiefer et al., 1991). Furin appeared to be present in all mammalian cell types 

studied thus far, and it seems to be responsible for the proteolytic cleavage of proproteins 

for constitutively secreted proteins. PCI and PC2, but not furin, are coordinately 

regulated with POMC, show tissue-specific expression and are believed to be involved 

in the processing of prohormones at pairs of basic amino acid residues in the regulated 

secretory pathway of neurons and endocrine cells (Barr, 1991; Birch et al., 1991). 

Recombinant vaccinia virus expression studies revealed that PCI and PC2 are both 

capable of cleaving POMC. The specificity of the processing, however, appeared to be 

different for the two enzymes (Benjannet et al., 1991 ; Thomas et al., 1991). PCI showed 

a preference for two of the five dibasic amino acid residues present within the structure 

of POMC, resulting in the production of adrenocorticotropin (ACTH) and /3-lipotropin 

(/3-LPH). In contrast, PC2 was found to recognize all five pairs generating a-MSH by 

further cleavage of ACTH, and /3-endorphin from /3-LPH. In view of the fact that a-MSH 

is of physiological importance in Xenopus since it mediates the process of background 

adaptation, we were not only interested in the structure of Xenopus PC2 but also in 

obtaining physiological evidence for tissue-specific coexpression of PC2 with POMC in 

the pituitary of Xenopus laevis. 

EXPERIMENTAL PROCEDURES 

Construction and screening of a Xenopus intermediate cDNA library 

Poly (A)+ RNA was isolated with guanidineisothiocyanate and oligo(dT) cellulose from 

pituitary pars intermedia οι Xenopus laevis adapted to a black background to increase the 

biosynthetic activity for production of POMC in the melanotrope cells. Using about 0.5 

/ig poly(A)+ RNA as template, a pars intermedia cDNA library was constructed in the 

vector λΖΑΡ-ΙΙ (Stratagene). About 4000 clones of this library were screened with a 

mixture of insert DNAs of human PC2 cDNA clone pPC2 and mouse PC3 clone рРСЗ 

(kindly provided by Dr. D.F. Steiner, Chicago, Illinois, USA) labelled with 3 2P by 
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random priming according to standard procedures (Sambrook et al., 1989). Screening was 

performed with replica nitrocellulose filters at 37°C in 6xSSC (lxSSC is 0.15 M NaCl, 

0.015 M sodium citrate, pH 7.0), 3X Denhardt's solution, 0.1% SDS, 0.1% sodium 

pyrophosphate, 1 mM EDTA, 100 μg/ml salmon sperm DNA and 25% formamide. Hy

bridization-positive phage plaques were purified and the recombinant pBluescript SK-

phagemids were rescued from the bacteriophage (λΖΑΡ) clones by in vivo excision 

according to the instructions of the manufacturer. Sequencing on both strands and with 

pBluescript subclones or specific primers was performed with single-stranded and double-

stranded DNA using T7 DNA polymerase and the dideoxy chain termination method 

(Sanger et al., 1977). 

In situ hybridization 

Tissue was fixed en bloc in Bouin's fixative (70% picric acid, 25% formaldehyde, 5% 

acetic acid) for 16 h. Paraffin sections (5 μΐη) were pretreated with 0.1 % pepsin in 0.2N 

HCl at 37°C for 15 min, rinsed, post-fixed in 2% formaldehyde in PBS for 4 min, 

treated with 1% hydroxylammonium chloride in PBS for 15 min, rinsed with PBS and 

dehydrated. Hybridization (150 μΐ standard hybridization solution for each section) in the 

presence of 50% formamide was performed at 50 °C for 16h in a moist chamber. RNA 

probes were synthesized as run-off transcripts from linearized DNA of pBluescript 

Xenopus PC2 cDNA clone XY2.1 with 350μΜ digoxigenin-11-UTP and T7 RNA 

polymerase. Alkaline-phosphatase conjugated anti-digoxigenin antiserum was used for 

visualization of the hybridization signals. 

PCR analysis 

Total RNA was extracted with Nonidet P40-containing buffer and single-stranded cDNA 

was synthesized from total RNA using MLV reverse transcriptase (BRL). The cDNA 

template was amplified using 50 pmol each of primer 1 (5'-GGAGCTATGGTTAA-

AATGGC-3') and primer 2 (5'-AGCTCTTCTTTCTTGGACAT-3') for 30 cycles (93°C, 

1 min; 60°C, 1V4 min; 70°C, 1 min; Perkin Elmer-Cetus Thermal Cycler) with Ampli-

Taq DNA polymerase (Perkin Elmer-Cetus). Primer 1 corresponds to nucleotides 1351-

1370 and primer 2 to nucleotides 1840-1859 of Xenopus PC2 cDNA clone XY2.1 (Figure 

1). PCR products were run on a 1.5% agarose gel, the gel was blotted and the 

nitrocellulose filter was hybridized under standard hybridization conditions (Sambrook et 

al., 1989) with Xenopus pars intermedia PC2 cDNA clone XY2.1 as a probe. 
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RESULTS 

Isolation and characterization of pars intermedia cDNA encoding Xenopus PC2 

Low-stringency screening of 4000 clones of the Xenopus pituitary pars intermedia cDNA 

library with a mixture of human PC2 and mouse PC3 cDNA clones as probes resulted 

in the isolation of seven hybridization-positive clones. Figure 1 shows the nucleotide 

sequence of the hybridization-positive cDNA clone with the longest insert (clone XY2.1 

with an insert size of 2.2 kb) coding for a 639-amino acid protein (with a calculated 

relative molecular mass Mr 70 532 and isoelectric point of 5.8). From the high degree 

of identity between the amino acid sequence of the XY2.1 protein, and human, rat and 

mouse PC2 structures (Figure 2) we conclude that XY2.1 cDNA encodes a Xenopus PC2 

protein. Further analysis of the hybridization-positive cDNA clones revealed four clones 

(XU2.2, XS2.1, XX2.1 and XU2.1) corresponding to XY2.1 and two cDNA clones 

(XT2.1 and XT2.2) encoding a PC2 protein structurally different from the XY2.1 protein 

(95% nucleotide sequence identity; 98% amino acid sequence identity). None of the 

positive clones analysed was found to correspond to PC1/PC3. 

Comparison between Xenopus and mammalian PC2 structures 

The overall degree of amino acid sequence identity between the Xenopus, and human, rat 

and mouse PC2 structures is 87%, 85% and 85%, respectively (Figure 2), while on the 

nucleotide sequence level in the protein-coding regions in all three cases the identity is 

75%. The amino acid sequence identity between the signal peptide of the Xenopus PC2 

protein and the mammalian PC2 signal peptides is 28-36%. The catalytic domains 

(residues 122-413) and the regions carboxy-terminal of the catalytic domain (residues 

414-639) show 95-97% and 88-90% identity, respectively, between Xenopus and 

mammalian PC2. In contrast, the portions of the PC2 proteins amino-terminal of the 

catalytic domain (residues 26-121) display only 59-60% sequence identity (Figure 2). 

Expression of Xenopus PC2 mRNA 

To study the dynamics of PC2 expression in the Xenopus pituitary gland during 

background adaptation of the animal, in situ hybridization and PCR analysis was perfor

med on pituitaries of black- and white-adapted animals. Using antisense digoxigenin-

labelled Xenopus PC2 cDNA clone XY2.1 as probe in the in situ hybridization experi

ments, strong signals were found in the melanotrope cells of the pituitary pars intermedia 

of black-adapted Xenopus while only weak signals could be detected in these cells of 
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β' -GAATTCCTGAAAAG -1 

KTrArgGluGlyValValThrValTrpMetlAUAlaAlaLauVallMuHisI^uAlaSarLeuSarValSerAlaGlyArgProValLau 30 
ATGAGGGAAGGTCTTGTGACAGTGTGGATGCTCGCGGCTCTTtnTCTGCATCTTTCCAGTCTTTC^ 90 

ThrAapHisPhaLeuValAspLauATgGluGlyGlyGluAlaGluAlaGluGlnLeuAlaAlaGluTyrGlyPhaSarGlyThrJUrqLyi SO 
ACCGATCATTTTTTGGTTGACTTACGTGAAGGAGGAGAAGCCGAAGCCGAGCAACTTGCGGCGGAATATGGCnCAGTGGGACAAGA^ ISO 

I^uProPhaSarClnaarLauTVrHlBPhaTyr^lyAanGlyllaThrThrSarArgSarArgArgsarValAanLyBLyBLyaHlaLau 90 
CTACCTTTTTCCCAAAGTTTATACCATlTnACGGAAATGGAATCACCACATCCCGAAGTCGACGCAGTGTCAATAAAAAGAAACATTTA 270 

AlaHatAspProLyavalAsnLyaValGluGlnGlnGluGlyPIiaHisArgLyBLyaArgGlyTyrArgAapIlaAanABpIlaGluIla 120 
GCCATGGATCCCAAGGTAAATAAAGTGGAGOIACAAGAAGGTTTCCACAGGAAAAAACGAGGATACAGAGACATCAATGATATTGAAATT 360 

AanHatAanAapProLauPhaThrLyeGlnTrpTyrLauIlaAanThrGlyGlnAlaAapGlyThrProGlyLauAapLeuABnValAla 150 
AACATGAACGATCCATTATTTAOUU^CAGTGGTACTTGATCAATACAGGCCAAGCIXUTGGGACACCTGGACTTGATCn 450 

GluAlaTrpGluLauGlyTyrThrGlyArfGlyValThrllaAlallaMatAapAapGlyllaAapTyrLeuRiaProAapLaiiAlasar ISO 
GAAGCATGGGAACTn»»TACACAGGAAGAGGGGTTACCATAGCAATTATGGAT1»TGGAATTXUTTATCTGCACCCAGATCT^^ 540 

AanTyrAanAlaGluAlaSarTyrAapPhaSarSarAanAapProTyTProTyrProArqTyrThrAapAspTrpPhaAanSarHlaGly 210 

AATTACAACGCAGAGCCAAGCTATGACTiroGCAGCAATGATCCCTACCCCTATCCTCGATATA«^ 630 

ThrArgcyaAlaGlyGluValSarAlaSarAlaAanAanAanllaCysGlyValGlyValAlaTyrAanSarLyaValAlaGlyllaArg 240 
ACCCGA14WMJlGGAGAAGTGT<»GCATCTGCCAACAATAATATATGTGXUUnTGGAGTGGCTTATAATTCCAAAGTGGCAG<KATtCGA 720 

HatLauAapGlnProPhallatThrAapIlallaGluAlaSarSarllaSarHlaHatProGlnValllaAapIlaTyrSarAlaSarTTp 270 
ATGCTGGACCAC<XCTTCATGACTGATATAATAGAAGCTTCATCCATOIGTCA<»TGCCCCATCCT^ 810 

GlyProThrAapAapGlyLyaThrValAapGlyProArgGluLauThrLauGlnAlaHatAlaAapGlyValAanLyaGlyArgClyGly 300 
GGTCCTACTGATGATGGCAAGACGGlTGATGGACCJUMIAGAACTAACTTTACAGGCAATGGCAGACXGTGItMT^ 900 

LyaGlySarl laTyrValTrpAlaSarGlyAapGlyGlySarTyrAapAapCyaAanCyaAapGlyTyrAlaSarSarKatTrpThr Ila 330 
AAGGGAAGCATCTATCTCTGGGCATCTGGAGATGGAGGAAGOTATGATGACTGCAACTGTCACGGCT^^ 990 

SarllaAanSarAlallaAanAapGlyArgThrAlaLeuTyrAapGluSarCyaSarSarThrLauAlaSerThrPhaSarAanGlyArg 360 
TCCATAAACTCKKrTATTAATGATCXaCGCACTXrecCTGTATCATGAGAGTTGCTCCTCA^ 1080 

a • 
LyBArgAanProGluAlaGlyValAlaTlirfhrABpLauTyrGlyAenCyeThrLeuArgHieSerGlyThrSerAlaAlaAlaProGlu 390 
AAAAGAAATCCAGAGGCTGGCCTGGCTACAACAGACTTGTATGGAAACTGCACTITGCGTCATTCAGGAACM 1170 

AlaAlaGlyValPheAlaLauAlaLauGluAlaAanProGlyLauThrTrpArgAapLauGlnHlaLauSarValLauThrSarLyaArg 420 
GCAGCTGGAGTATTTGCATTGGCC CTW^GGCTAACCCAGGTCreACATGGAGGGACITGCAGCATCTCTCAGTGCTAACATCGAAAAGe 1260 

AanGlnLauHiaAapGluValHiaLyaTrpArgArgAanGlyValGlyLauGluFhaAanHiaLauPhaGlyTyrGlyValLauAapAla 450 
AATCAGClTCACGATGAAGTGCACAAA14KCGTAGAAACGGAGTCGGTTTGGAGTTaUlTCATlTGTTCGGCTATGGCGTACTTGATGCT 1350 

GlyAlaHatValLyaMatAlaAanGluTTpLyaThrValProGluArgPhaHiaCyallaGlyGlyAlalleGlnGluProArgLyalle 4S0 
GGAGCTATGGTTAAAAIXKCCAACGAGTGGAAAAC^CTTCCGGAAAGGTTTCATTGCATTGGAGGAGCCATACAAGAGCCAAGGAAAATA 1440 

ProSarAapGlyLyaLauIlaLeuThrLauSarThrABpAlaCyaGluGlyLyBGluAanPhaValArgTyrLauGluHlaValGlnAla 510 
CCTTCTGATGGGAAGCT^TCCTTACTCTTTtyWTrcAircCTCTCAAGGAAAAGAAAACTTTCT^ 1530 

ValIlaThrValABnSarThrArgArgGlyAapLauAenllaABnMatThrSarProllatGlyTlirLyaSarllaLauLauSarArgArg 540 
GTTATAACCGTCAATTCCACTCGGO»GXKW»CTTGAACATCAAakTGACATCACCAATGGGAACTAAGTCCAlTITATTAAGTCGTCGT 1620 

ProArgAapABpAapSarLyaValGlyPheAapLyaTrpProPhaHatThrThrHiBThrTTpGlyGluAapProArgGlyThxTrpVal 570 
CCTAGGGATGACGACTCAAAAGTTGGrrnCATAAATCGCCATTTAnUCAAUCACACATGGGGGGAAGATCCAAGAGGGACTltKGTT 1710 

LauGluValGlyPhaValGlySerllaProGluLyaGlyValLauLyaGluTrpThrLauHetLeuHieGlyThrGlnSarAlaProTyr 600 
CTAGAAGlTGGCTTTGTTraWAGCATACCAGAGAAAGGTGTTTTAAAAGAATGGACACTGATGTTACACGGCACTCAAAGTGCCCCCTAT 1900 

IlaABpClnllaValArgABpTyrGlnSerLyBLauAlaMatSarLyabyaGluGluLauGluGluGluLauAapGluAlaValGluArg 630 
ATAGACCAAATAGTTAGAGATTATCAGTCTAAGTTAGCAATGTCCAAGAAAGAAGAGCTGGAGGAGGAACTAGATGAAGCAGTAGAGAGA 1890 

SarLeuLyeSarLauLauSerLyeAen*** 639 

AGTCTCAAGAGCCTTTTGAGCAAGAACTAGCACTATTCTCCATCTCTCTATTATOITrATATTCrcC^ 1980 

ACACCTTTACCAAGTATAATTTCCTCGCTGTGTrACAGTAATGGAATCTTrCTAGATAlTrTCTTTTGTGTAG 2070 

AATATAAAAAAAAAAAAAAAAAA 3 2093 

Figure 1. Nucleotide sequence and deduced amino acid sequence of pituitary pars intermedia cDNA 
clone XY2.1 encoding Xenopus PC2 Amino acid sequence numbering starts with the presumptive 25-
amino acid signal peptide sequence The subtihsm-related catalytic domain consists of amino acid residues 
122-413 Arrow indicates the presumptive signal peptide cleavage site, arrow heads indicate the active sues 
and dots indicate potential N-hnked glycosylation sites 
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1 20 + 40 60 
( 1 ) XENOPUS PC2 :MREGVVTVMHLJUaVUIIASLSVSAGRPVLTDHFLVDUtÈGGEAEAEQUA£YGFSGTRKLPFSQSLYHF 
( 2 ) HUMAN PC2 tKKGGCVSQWKAAAGFLFCVMVT-ASAEHPVrTNHFLVELHKGGEDKARQVAAEHGF-GVRXLPFAEGLfflF 
( 3 ) RAT PC2 :«EGGCGSCW<AA-GIiFCVMVFASAERPVFTNHFLVÏXHKDGEEEARQVAAEHGF-GVRKLPFAEGLYHF 
( 4 ) MOUSE PC2 :HEGGCGSQWKAA-GFLFCVMVFASAERPVrnfflFLVELHKDGEEEARQVAA£HGF-GVRKLPFAEGLYHF 

* * * * * ** *** * **** * ** * * *** ** * ***** **** 
80 100 120 140 

( 1 ) :YGNGITTSRSRRSVN10aaiIAKDPKVNKVÊOfiEGFHRK]a<GYTOiro 
( 2 ) : YHNGIJUCAKRRRSLIfflXO^LERDPRVKMAIAQF^FDRiaatGYRDINEIDINMNDPLFTKQHYLINTGQADGTPGLDLNVAEA 
( 3 ) : УІШСииСАКН]»8иШКЯаЬЕІШРНІКМАІ^»ЕСРОНгааіС Я0ІНЕІОІНМНОРЬРТКаН¥ЬР№ГС0АССТРСІіОЬН АЕА 
( 4 ) : УННСииииаи«8ЬННХНаЬЕЯ0РН11«А1«дЕСР0Н1О^СУ1Ш1НЕ101НМНОРЬРТКОЛгеЬР1ГТСаАОСТРв1ЛЬНУАЕА 

* ** *** * * ** ***** ********** * ************** ****************** 
160 ^. ISO 2Ç0 ^. 220 

( 1 ) : WELGYTGRGVTIAIMDDGIDYLHPDLASNYNAEASYDFSSNDPYPYPRYTDDHFNSHGTRCAGEVSASAKNNICGVGVAYNS 
( 2 ) : WELGYTGKGVTIGIMDDGIDYLHPDLASNYNAEASYDFSSNDPYPYPRYTODWFNSHGTRCAGEVSAAAHNNICGVGVAYNS 
(3) :WELGYTGKGVTIGIMDDGIDYLHPDLAYHYNSDASYDFSSNDPYPYPRYTDOWFNSHGTRCAGEVSAAASNNICGVGVAYHS 
( 4 ) : HELGYTGKGVTIGIKDDGIOYLHPDLAYNYNADASYDFSSNDPYPYPRYTDDHFNSHGTRCAGEVSAAASNNICGVGVAYNS 

240 260 280 300 • 
(1) :F A T A G I R M I J > Q P F M T D I I F A S S I S H M P Q V 1 D I Y S A S W G P T D I > ; K T V D G P R £ L T L Q A M A D G V N K G R G G K G S I Y V W A S G D G G S Y D 
(2) :KVAGIRMU)QPFMTDIIEASSISHKPQLIDIYSASWGPTDNGKTVDGPRDVTLQAKAOGVNKGRGGKGSIYVWASGDGGSYD 
( Э ) : KVAGIPJOi>aPFMTDIIEASSISHMPQLIDIYSASWGPTDNGKTVDGPRELTLQAMA[>GVNKGRGGKGSIYVHASGDGGSYD 
( 4 ) :KVAGIRMU>QPFMrDIIEASSISHHPOLIDIYSASWGPTDNGierVDGPRELTLQAMADGVNKGRGGKGSIYVWASGDGGSYO 

320 340 Э60 β 3 8 0 ж 

( 1 ) : D C N C D G Y A S S M V T T I S I N S A I N I X : R T A L Y D E S C S S T I A S T F S N G P J ( 3 X N P F > G V A T T O L Y G N C T Ì J W S G T S A A A P E A A G V F A L A 
( 2 ) I D C N C D G Y A S S H V T T I S I N S A I N I X R T A L Y D E S C S S T B A S T F S N G R K R N P E A G V A T T O L Y G N C T L R H S G T S A A A P E A A G V F A L A 
( 3 ) : D C N C D G Y A S S M V R T I S I N S A I N O G R T A L H D E S C S S T L A S T F S N G R K R N P E A G V A T T D L Y G N C T L R H S G T S A A A P E A A G V F A L A 
( 4 ) :DCNCDGYASSMVRRISINSAINDGRTALYDESCSSTLASTFSNGRLCRNPEAGVATTDLYGNCRLRHSGTSAAAPEAAGVFALA 

4 0 0 4 2 0 4 4 0 4 6 0 4B0 
( 1 ) : LÉANPGLTWRDieHI£VLTSIWQUffiEVHKWRroGVGLEFÑHI^YGVIJ>AGAMV^ 
( 2 ) : LEANLGLTVnWMQHLTVLTSKSNQLmEVHQVrRRNGVGUFHKLFGYGVIIiAGAMVnUUCDWKrVPERFHCVGGSVQDPEKI 
( 3 ) : LEANVDLTHRDMQHLl^n,TSiaWQLiUEVHO>nUU(GVGUFNHLFGYGVLDAGAHVnUÜCDHiaT^ERFHCVGGSVQNPEKI 
( 4 ) : LEANIJILTWRDMQHLTVLTSiaWQLHDEVHQWPJWGVGLEFNHLFGYGVUAGAMVKHAKDmerVPERFHCVGGSVQNFEKI 

5 0 0 » 5 2 0 β 5 4 0 5 6 0 
( 1 ) :PSDGKLILTI£TDACEGKENFimYLEHVQAVITVNSTPJtGDLNINMTSP«GTKSILURRPPJ>DDSKVGFDKWPFWrTHTWG 
( 2 ) : PSTCKLVLTLTTDACEGKENFVRYLEHVQAVITVNATRRGDLNINMTSPMGTKSIIXSRPJ>RDDDSKVGFDKWPFMTTHTWG 
( 3 ) : PPTGKLVLTLO/TNACEGKE)IFVRYLEHVQAVITVNATPJ<GDLNIimTSPMGTKSIIXSRRPPJ>DDSî GFDKWPFMTTHTWG 
( 4 ) : PPl^KLVLTLKTNACEGKENF\niYLElWaAVITVNATRRGDU(INHTSPMGTKSIlXSRRPRDDDSKVGFDKWPFMTTHTWG 

* *** *** * ********************** ********************************************** 
5 8 0 6 0 0 6 2 0 639 

( 1 ) : EDPRGlVVLEVGFVGSIPEKGVLKEWrLMIJlGTQSAPYIDQIVRDYQSKLAMSKKEELEEELDEAVERSLKSLLSKÑ 
( 2 ) : EDARGTWTLELGFVGSAPQKGVLKEWTLKUIGTQSAPYIDQVVRDYQSKLAMSKKEELEEELDEAVERSLKSIUnai 
( 3 ) : EDARGTVO'LEI^FVGSAPQKGUJÍEWriXI^GTQSAPYIIXJVVPJJYQSKIAMSKKQELEEELDEAVERSLQSILRKN 
( 4 ) : EDARGTVTTLEI^FVGSAPgKGU^EWTIja^GTQSAPYIDQVVRDYOSKLAMSKKQELEEELDEAVERSLQSILPJO) 

F i g u r e 2 . A l i g n m e n t o f t h e a m i n o a c i d s e q u e n c e s o f Xenopus, h u m a n , r a t a n d m o u s e P C 2 . T h e o n e -

letter a m i n o acid notat ion is used Gaps introduced in the mammal ian s e q u e n c e s to op t imize the a l ignment 

are represented by dashes Res idues identical a m o n g the P C 2 structures o f the four spec ies are indicated 

by asterisks T h e subtihsin-related catalytic domain cons is ts o f a m i n o acid res idues 1 2 2 - 4 1 3 A r r o w 

indicates the presumpt ive s ignal pept ide c leavage s ite , arrow heads indicate the act ive s ites and dots indicate 

potential N - h n k e d g l y c o s y l a t i o n sites T h e human, rat and mouse P C 2 sequences h a v e been taken from 

S m e e k e n s el al, 1 9 9 0 , Hakes et al, 1991 and Seidah et al , 1 9 9 0 , respect ive ly 
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white animals (Figure 3). The difference in size between the pars intermedia of black and 

white animals reflects the difference in biosynthetic and secretory activity of the 

melanotrope cells between the two physiological conditions. In both white- and black-

adapted animals no hybridization-positive areas could be detected in the brain or pituitary 

pars distalis. PCR analysis revealed that the level of PC2 mRNA is about 15-fold higher 

in pars intermedia of black animals than in white animals, whereas for the two conditions 

PC2 mRNA levels were approximately the same in the pituitary pars distalis with these 

levels being comparable to that in pars intermedia of white animals. Furthermore, 

Southern blot analysis of PCR products derived from pars intermedia RNA of black-

adapted animals and digested by restriction enzymes with specific cleavage sites in the 

two structurally different PCR products showed similar amounts of products derived from 

the two Xenopus PC2 gene transcripts (data not shown). 

DISCUSSION 

The occurrence of two gene transcripts coding for structurally different PC2 proteins 

reflects the expression of two PC2 genes in Xenopus laevis. The nucleotide sequence 

divergence between the two PC2 transcripts (5%) is similar to that reported for the 

protein-coding regions of Xenopus leavis gene pairs encoding globins (Widmer et al., 

1981), albumins (May et al., 1983), vitellogenins (Germond etal., 1983), proenkephalins 

(Martens and Herbert, 1984) and POMCs (Martens, 1986) (4-8%). These gene pairs are 

believed to represent duplicated genes resulting from a duplication of the entire genome 

in the genus Xenopus (Bisbee et al., 1977). The two PC2 genes were found to be 

expressed to approximately the same level in the pituitary pars intermedia, similar to the 

expression of the two Xenopus POMC genes (Martens, 1986). 

Elucidation of the structure of PC2 in an amphibian species and comparative 

analysis of the Xenopus and mammalian PC2 structures revealed that this prohormone 

converting enzyme is highly conserved during 350 million years of vertebrate evolution. 

As expected, the regions around the active sites (Asp residue 168, His residue 209, Asp 

residue 311 and Ser residue 385; Figure 2) are especially well conserved. It is noteworthy 

that the carboxy-terminal region of PC2 is remarkably well conserved, indicating that this 

region is functionally important. As is the case with other secretory proteins, the amino-

terminal hydrophobic stretch of amino acid residues comprising the putative signal peptide 

sequence of PC2 is the least conserved region of the protein. 
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Figure 3. Non-radioactive in situ hybridization showing the pattern of PC2 expression in the pituitary 
gland of Xenopus laevis. (A) Pituitary of Xenopus adapted to a black background. (B) Pituitary of Xenopus 
adapted to a white background, pn: pars nervosa; pi: pars intermedia; pd: pars distalis; me: median eminen
ce; magnification χ 120. 

In corticotropes of the pituitary pars distalis, POMC is processed to ACTH and 

in the melanotrope cells to a-MSH (Eipper and Mains, 1980). The enzymes responsible 

for this tissue-specific processing of POMC have recently been suggested to be PCI and 

PC2 (Barr, 1991; Benjannet et al., 1991; Thomas et ai, 1991). Our screening of the 

pituitary pars intermedia cDNA library with PC1/PC3 and PC2 cDNA probes resulted 

in the isolation of only PC2 cDNA clones. Moreover, we recently applied a differential 

screening approach to identify genes coexpressed with POMC and whose products may 

be involved in POMC biosynthesis and release of POMC-derived peptides. This approach 

involved screening of the pars intermedia cDNA library with single-stranded cDNA 

probes derived from pars intermedia RNA of either white or black animals and it led to 

the identification of only PC2 clones (our unpublished results). These findings indicate 

that PC2 and not PCI is the specific protease responsible for in vivo POMC processing 

to a-MSH in the melanotrope cells. In line with these results are two recent observations 

concerning PCI and PC2 expression in mammalian cells. First, PC2 is much more abun

dant in rat pars intermedia cells than in the ACTH-producing corticotropes of the anterior 

lobe, while PCI displayed the reverse expression pattern (Seidah et al., 1990; Birch et 

al., 1991; Kirchmair et al., 1992). Second, with gene transfer experiments it has been 

shown that PCI cleaves POMC to ACTH while PC2 processes POMC to yield a-MSH 

(Benjannet et al., 1991; Thomas et al., 1991). 

The results of the in situ hybridization experiments and PCR analysis provide 

evidence for tissue-specific regulation of the Xenopus PC2 gene. We detected high levels 

of PC2 mRNA in melanotrope cells of black-adapted animals, low levels in cells of white 
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animals and low levels in the pars distalis of either white or black animals. The observed 

dynamics of PC2 gene expression during background adaptation of Xenopus is similar to 

that previously reported for the POMC gene (Martens et al., 1987). We conclude that the 

POMC and PC2 genes are coexpressed and that the PC2 protein is a crucial component 

of the biosynthetic machinery which ultimately leads to the production of a-MSH in 

Xenopus pituitary melanotropes. The expression pattern of the Xenopus PC2 gene during 

the physiological process of background adaptation of the animal is in line with the notion 

that genes encoding prohormone convertases are active in cells where specific cleavages 

of prohormones at pairs of basic amino acid residues are known to occur. 
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SUMMARY 

The subtilisin-like prohormone convertase PC2 and the polypeptide 7B2 (an intracel-

lularly cleaved protein of unknown function) are both selectively present in the 

regulated secretory pathway of neurons and endocrine cells. Here we demonstrate that 

intact 7B2 is a potent inhibitor of PC2 enzyme activity whereas the 7B2 cleavage 

product is virtually inactive. The specificity of this inhibition is shown by the inability 

of 7B2 to inhibit the PC2-related proteinase PC1/PC3. Furthermore, the carboxy-

terminal half of the 7B2 protein sequence is distantly related to the so-called potato 

inhibitor I family (which includes subtilisin inhibitors). Our findings indicate that 7B2 

is a physiological inhibitor of PC2 and may provide a new avenue for the manipu

lation of peptide hormone levels. 

INTRODUCTION 

Biologically active peptides are often produced by specific cleavage of precursor 

proteins at pairs of basic amino acid residues (Douglass et al., 1984). Recent work 

has resulted in the characterization of the family of enzymes involved in the en-

doproteolytic cleavage of proproteins at dibasic pairs in the secretory pathway 

(reviewed in Barr, 1991; Seidah and Chrétien, 1992; Steiner et al, 1992). This family 

is related to the bacterial serine proteinase subtilisin and includes the yeast enzyme 

Kex2 and the mammalian endoproteinases furin, PACE4, and the prohormone 

convertases PCI (also known as PC3), PC2, PC4 and PC5/PC6. The proprotein 

cleavage enzymes have been implicated in a variety of biological processes from 

peptide hormone production and blood coagulation to human immunodeficiency virus 

proliferation. Family members such as Kex2 and furin proteolytically activate pro-

proteins in the constitutive pathway of protein secretion, a basic feature of all secre

tory cells. In contrast, PC1/PC3 and PC2 cleave precursors for peptide hormones and 

neuropeptides, and these cleavages occur exclusively in the regulated secretory path

way of neurons and endocrine cells (Barr, 1991; Seidah and Chrétien, 1992; Steiner et 

al., 1992). 

Synthetic compounds (e.g. peptidyl chloromethanes containing basic amino acid 

residues) have been shown to inhibit the Kex2 enzyme and furin-mediated cleavage of 

the human immunodeficiency viral coat protein gpl60 (Hallenberger et al., 1992; 

46 



7B2 ¡s en endogenous inhibitor of PC2 

Angliker et al., 1993). In addition, the fiirin enzyme is inhibited by a-1-antitrypsin 

genetically engineered to contain the consensus cleavage site of furin at its reactive 

site (Anderson et al., 1993) and furin is moderately inhibited by the similarly mutated 

turkey ovomucoid third domain (Lu et al., 1993). However, as yet, potent naturally 

occurring inhibitors of the proprotein cleavage enzymes have not been identified. 

The neuroendocrine-specific polypeptide 7B2 was initially isolated from porcine an

terior pituitary glands as a protein of —21 kDa (Hsi et al., 1982). Biosynthesis of the 

~21-kDa 7B2 protein occurs through carboxy-terminal processing of a ~27-kDa pre

cursor protein (Ayoubi et al., 1990; Lazure et al., 1991) and only the cleaved form of 

7B2 is released (Ayoubi et al., 1990). Secretion of the 7B2 cleavage product could be 

regulated (Iguchi et al., 1987a; Ayoubi et al, 1990; Vieau et al., 1991) establishing 

that, like PC1/PC3 and PC2, the polypeptide 7B2 is in the regulated secretory 

pathway. The 7B2 protein is highly conserved and widely distributed in the central 

nervous system and endocrine tissues (Marcinkiewicz et al., 1987; Steel et al., 1988; 

Waldbieser et al., 1991). Both an intracellular function for 7B2 during prohormone 

maturation as well as an extracellular role for the 7B2-derived products as bioactive 

peptides have been suggested (Iguchi et ai, 1987b; Marcinkiewicz et ai, 1987; Steel 

et al., 1988). In the present study we demonstrate that the 7B2 precursor protein is a 

potent inhibitor of PC2 but not PC1/PC3 enzyme activity. 

EXPERIMENTAL PROCEDURES 

Production of recombinant 7B2 proteins 

For functional studies recombinant 7B2 protein was produced in E. coli as a hexahis-

tidine fusion protein by expression of a human 7B2 cDNA cloned into the ВатШ and 

Hindlll sites of the prokaryotic expression vector pQE30 and induction of the cells 

with isopropyl /3-D-thiogalactopyranoside (IPTG). The cDNA for expression of the 

21-kDa 7B2 protein consisted of nucleotides 107-562 (based on the numbering used in 

Martens, 1988) and was generated by PCR using specific primers; the 5' primer 

corresponded to nucleotides 107-129 with а ВатШ site introduced at the 5' end and 

the 3' primer consisted of nucleotides 538-562 with an introduced 5' stop codon and 

5' HindWl site. The recombinant 21-kDa 7B2 protein represents amino acids 1-151 of 

the human 7B2 protein and corresponds to the 7B2 cleavage product isolated from 

anterior pituitaries (Hsi et al., 1982; Lazure et al., 1991). The expression plasmid for 
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the intact 27-kDa 7B2 precursor protein was constructed by replacing the ~0.2-kb 

Kpril-Hindta fragment of the 21-kDa 7B2 construct by the ~0.8-kb Kpnl-Hindlll 

fragment (encoding the carboxy-terminal half of the precursor protein) of a full-length 

human 7B2 cDNA clone (Martens, 1988). Recombinant 7B2 was purified by Ni2+-

NTA agarose affinity chromatography according to the instructions of the manufac

turer (Qiagen Inc., Chatsworth, CA). 

Preparation of PC1/PC3 and PC2 enzymes 

Active 87-kDa PC1/PC3 was purified from medium of overexpressing CHO cells as 

previously described (Zhou and Lindberg, 1993). Active PC2 was obtained from the 

conditioned medium of 0-TC3 cells through immunopurification (Shen et al., 1993). 

One hundred ml of 16-h conditioned /3TC3 cell culture medium (containing 100 ^g/ml 

aprotinin) were collected, centrifuged and concentrated 20-fold. To protect PC2 during 

immunopurification, enzyme inhibitors were added to the following concentrations: 1 

μΜ fra/u-epoxysuccinic acid/ΙμΜ pepstatin/100 μg/ml tosyl phenylalanyl chlorome-

thyl ketone/50 μg/ml tosyl lysyl chloromethyl ketone. 200 μ\ of anti-PC2 antiserum 

(rabbit polyclonal antiserum directed against the carboxy-terminal 10 amino acids of 

mouse PC2) were added and the mixture was incubated for 6-16 h at 4°C. 500 μΐ of 

50% protein A-Sepharose were then added, followed by shaking for 30 min at 4°C. 

The pelleted beads were washed twice with 10 volumes of cold AG buffer (0.1 M 

sodium phosphate, pH 7.4/1 mM EDTA/0.1% Triton X-100/0.5% Nonidet P-40/ 150 

mM NaCl) and twice with 10 volumes of cold Dulbecco's PBS prior to storage in 2-3 

ml PBS containing 20% glycerol at -20CC. 5 to 10 μί of this suspension (10% gel) 

were used as the enzyme source in the enzyme assay. PC2 enzymatic activity as well 

as immunoreactivity (as assessed by Western blotting) is absent if either preimmune 

serum or antigen-blocked anti-PC2 antiserum is used in the immunopurification 

procedure (Shen et al., 1993). 

Enzyme assay 

Duplicate reactions were performed in 0.1 M sodium acetate, pH 5.5/5 mM calcium 

chloride/0.2 mM fluorogenic substrate (carbobenzoxy-Arg-Tyr-Lys-Arg-AMC, where 

AMC is aminomethylcoumarin)/0.1% Brij/5 μg bovine serum albumin (electrophoresis 

grade; Miles Laboratories), the above inhibitor cocktail, and recombinant 7B2 at the 

indicated concentrations. Reactions were preincubated with recombinant 7B2 for 15 

min at room temperature before the addition of substrate. Released AMC was 
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determined at various times in the same samples by fluorometry at 460 nm emission 

and 380 nm excitation, and values were compared to a standard curve of free AMC. 

For the Lineweaver-Burk plot, reactions were carried out for 5h; less than 5 % of the 

substrate was consumed during the control reaction. 

Cleavage studies 

For the study of the effect of recombinant 7B2 on proPC2 cleavage, reaction mixtures 

contained 10 μΐ of PC2 enzyme suspension (see above), 0.1 M sodium acetate, pH 

5.5, the inhibitor cocktail described above, either 5 mM calcium chloride or 5mM 

EDTA, and 1 ^g of either recombinant 21-kDa or 27-kDa 7B2. Following incubation 

for 6 h at 37°C, the samples were subjected to SDS-PAGE and subsequent Western 

blot analysis using anti-PC2 antiserum as previously described (Shen et al., 1993). 

For the study of the in vitro cleavage of 7B2 by PC1/PC3 and PC2, recombinant 27-

kDa 7B2 (1 /ig) and 21-kDa 7B2 (1 μg) was incubated with or without 10 μΐ aliquots 

of purified PC1/PC3 or immunopurified PC2 for 6 h at 37 °C under the conditions 

described above. Aliquots of the samples were subjected to SDS-PAGE and subse

quent Western blot analysis using the anti-7B2 monoclonal antibodies MON 102 and 

MON 144 (Van Duijnhoven et al., 1991). Recombinant 27-kDa and 21-kDa 7B2 were 

used as markers. To determine at which site recombinant 27-kDa 7B2 is cleaved by 

PCI, the 7B2 cleavage products were purified by reverse-phase HPLC (Vydac C-4 

column) and from —10 pmol of the major cleavage product a partial amino acid 

sequence was determined (San Diego State University Microchemical Core Facility, 

San Diego, CA). 

RESULTS AND DISCUSSION 

Effect of recombinant 7B2 precursor protein and 7B2 cleavage product on PC2 and 

PC1/PC3 ептуте activity 

To obtain the 27-kDa precursor form of 7B2 for functional studies, human 7B2 was 

expressed in E. coli and purified by affinity metal-chelation chromatography. Recom

binant carboxy-terminally truncated 21-kDa 7B2, corresponding to the 7B2 protein 

initially isolated from anterior pituitaries (Hsi et al., 1982), was similarly produced. 

Since active, purified PC2 from either natural or recombinant sources is not currently 

available, active PC2 was obtained through immunopurification (Shen et al., 1993) 
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Figure 1. Recombinant 27-kDa 7B2 inhibits 
PC2 enzyme activity. Immunopunfied PC2 was 
incubated with recombinant 27-kDa 7B2 for the 
indicated time periods Circles, control, open 
triangles, 0 74 nM recombinant 27-kDa 7B2 for 
the indicated times, closed triangle, 2 2 nM 
recombinant 27-kDa 7B2 PC2 enzyme activity 
was detected by the cleavage of a fluorogenic 
substrate (200 μΜ) 

from the conditioned medium of /3TC3 

cells, a mouse pancreatic cell line. 

Enzymatic activity of the immunopuri-

fied PC2 has a pH optimum of 5-5.5 

and is calcium-dependent (KQ5 of —100 

μΜ). To test the effect of 7B2 on PC2 

enzyme activity, a time course analysis 

of the hydrolysis of a fluorogenic 

substrate (carbobenzoxy-Arg-Tyr-Lys-

Arg-AMC; 200 μΜ) was performed in 

the presence or absence of the 27-kDa 

form of recombinant 7B2. The results 

show that 27-kDa 7B2, at nanomolar 

concentrations, is a potent inhibitor of 

immunopurified PC2 (Figure 1). We 

also observed inhibition of soluble PC2 
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Figure 2. Specificity of the inhibition of en
zyme activity by recombinant 7B2. (A) At 
nanomolar concentrations recombinant 27-kDa 
7B2 (circles) but not carboxy-terminally truncated 
recombinant 21-kDa 7B2 (triangles) inhibits PC2 
cleavage of a fluorogenic substrate (200/iM) 
(B) Recombinant 21-kDa and 27-kDa 7B2 do not 
inhibit PC1/PC3 cleavage of a fluorogenic sub
strate (200μΜ) Purified PC1/PC3 was incubated 
in the presence of 3 ftg (2 2 μΜ) recombinant 
27-kDa 7B2 (triangles) or 3 μ% (2 8 μΜ) recom
binant 21-kDa 7B2 (squares), or in the absence 
of 7B2 (circles) for the indicated time periods. 
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partially purified by ion-exchange chromatography from /3TC3 cell medium, indicating 

that inhibition by 27-kDa 7B2 is not confined to immunocomplexed PC2 (results not 

shown). 

Dose-response analysis confirms that 27-kDa 7B2 is a tight-binding inhibitor of 

PC2 with an estimated K, of 6.7 nM. In contrast, at submicromolar concentrations the 

cleaved 21-kDa form of 7B2 did not inhibit PC2 activity (Figure 2A). Like the other 

members of the proprotein convertase family, PC2 cleaves at pairs of basic amino acid 

residues (Barr, 1991; Seidah and Chrétien, 1992; Steiner et ai, 1992). The high 

affinity of 27-kDa 7B2 for PC2 is not due to the presence of paired basic amino acid 

residues in its sequence because the putative PC2 substrates proenkephalin or proin-

sulin (Breslin et al, 1993, Smeekens et al., 1992), which contain multiple paired 

basic residues, did not inhibit PC2 cleavage of the fluorogenic substrate when included 

in the reaction mixture (2 μΜ final concentration). Interestingly, the neuroendocrine 

enzyme PC1/PC3, which in the catalytic domain exhibits 55% amino acid sequence 

identity with PC2 (Seidah and Chrétien, 1992), was not inhibited by either form of 

7B2 (Figure 2B). These results indicate that 7B2 is specifically targeted towards PC2 

rather than representing a general inhibitor for the family of mammalian proprotein 

cleavage enzymes. 

Effect of recombinant 7B2 precursor protein and 7B2 cleavage product on proPC2 

cleavage 

In common with all known subtilisin-like enzymes, PC2 is synthesized as a pro

protein, and cleavage of the amino-terminal pro-region is thought to result in the 

activation of the enzyme (Barr, 1991; Seidah and Chrétien, 1992; Steiner et al., 

1992). Western blot analysis of immunopurified PC2 obtained from conditioned 

medium revealed that this enzyme preparation contains a prominent band correspon

ding to mature PC2, and a minor band corresponding to proPC2 (Figure 3). In

cubation of the enzyme preparation in the presence of calcium resulted in the disap

pearance of the proform of PC2. However, when 27-kDa 7B2 was included in the 

reaction mixture, proPC2 was protected from cleavage while 21-kDa 7B2 failed to 

give protection (Figure 3). This finding is consistent with the inhibitory effect of the 

larger, but not the smaller, form of 7B2 on PC2 enzyme activity described above. 
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Figure 3. Recombinant 27-kDa 
7B2 protects the proform of 
PC2. After incubation of immu-
nopurified PC2 with recombinant 
21-kDa or 27-kDa 7B2 for 6 h at 
37 °C the samples were subjected 
to Western blot analysis using an 
anti-PC2 antibody. In lane 9 an 
extract from /3TC3 cells is used 
as a marker for the two forms of 
PC2. 

The carboxy-terminal half of the 7B2 protein sequence is distantly related to the 

potato inhibitor I family 

The fact that PC2 is a subtilisin-related proteinase (Barr, 1991; Seidah and Chrétien, 

1992; Steiner et al, 1992) and the observation that 7B2 is an inhibitor of PC2 enzyme 

activity prompted us to search for a structural relationship between 7B2 and protein 

inhibitors of subtilisins. A visual search revealed that the carboxy-terminal half of 

human 7B2 (Martens, 1988) displays 27%, 17%, 20% and 17% amino acid sequence 

identity (over 60 amino acid residues) with the potato inhibitor I family members 

leech inhibitor eglin с (Seemüller et al., 1980), Adzuki subtilisin inhibitor (Nozawa et 

al, 1989), Barley chymotrypsin inhibitor (Svendsen et al., 1982) and potato tubert 

inhibitor I (Richardson and Cossins, 1975), respectively (Figure 4). Similar degrees of 

amino acid sequence identity are found when porcine, rat, mouse, salmon or Xenopus 

7B2 sequences (Brayton et al, 1988; Martens et al., 1989; Mbikay et al., 1989; 

Waldbieser et al., 1991) are compared with the inhibitor sequences. The potato 

inhibitor I family encompasses a variety of sequences from plants to invertebrates (La-

skowski and Kato, 1980; Seemüller et al., 1980); the 7B2 protein may now extend 

this family to vertebrates. 

In vitro and in vivo cleavage of the 7B2 protein 

Western blot analysis showed that in vitro PC1/PC3 effectively cleaves recombinant 

27-kDa 7B2 (Figure 5). Amino-terminal sequence analysis of the HPLC-purified 

carboxy-terminal 7B2 cleavage product revealed the sequence Ser-Val-Asn-Pro/Met-

Tyr, indicating that cleavage by PCI occurred at Arg'53-Arg154 (numbering cor

responds to that used in Figure 4). The molecular mass of the amino-terminal 7B2 

cleavage product (Figure 5) is consistent with a 21-kDa protein containing additional 

carboxy-terminal basic amino acid residues (Arg150-Arg-Lys-Arg-Arg154). In contrast, 
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Human 7B2 : (87) Ρ D Ρ Ρ Ν 

Leech inhibitor Eglin С : (6) L К - S F 
Adzuki subtilisin inhibitor : (28) Τ Κ Τ S W 

Barley chymotrypsin inhibitor : (19) L Κ Τ E W 

Potato tuber inhibitor I : (5) G К L Q w 
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Figure 4. Alignment of the amino acid sequence of human 7B2 with those of representative 
members of the potato inhibitor I family of protein proteinase inhibitors. The one-letter amino acid 
notation is used and numbering refers to the sequence of human 7B2 (Martens, 1988). Residues 
identical between the 7B2 sequence and an inhibitor sequence are shown in white letters against black. 
Gaps introduced in the sequences to optimize the alignment are represented by dashes. Arrow indicates 
the scissile bond of the reactive site of the inhibitor I proteins (Laskowski and Kato, 1980). The number 
of amino acid residues in the amino-terminal regions of the sequences is in parentheses; asterisks denote 
the carboxy-terminal ends of the proteins. Amino acid sequences shown are human 7B2 (Martens, 
1988), leech inhibitor eglin с (Seemüller, 1980), Adzuki subtilisin inhibitor (Nozawa et al., 1989), 
Barley chymotrypsin inhibitor (Svendsen et al., 1982), potato tuber inhibitor I (Richardson and Cossins, 
1975). 

under the conditions of the present in vitro incubations, recombinant 27-kDa 7B2 is 

not cleaved by PC2 and recombinant 21-kDa 7B2 is not cleaved by either enzyme. 

These observations are in line with the finding that intact 7B2 tightly binds and 

effectively inhibits PC2 but not PC1/PC3. In vivo, in the porcine anterior pituitary 

gland, the precursor form of 7B2 is cleaved in the region Arg150-Arg-Lys-Arg-Arg154 

to a ~21-kDa product (Lazure et ai, 1991), possibly by PC1/PC3, a convertase 

which is relatively rich in this tissue (Day et ai, 1992). Conversely, in the Xenopus 

intermediate pituitary gland the cleavage of the 7B2 precursor protein to an ~ 18-kDa 

product appears to occur at Lys138-Lys139 (Ayoubi et al., 1990). It is not yet clear 

whether this differential cleavage of 7B2 is due to species differences or to tissue-

specific processing. 

In conclusion, our results indicate that the neuroendocrine polypeptide 7B2 

participates in the physiological regulation of the neuroendocrine-specific enzyme 

PC2. This important convertase has been implicated in the processing of a large 
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Figure 5. Recombinant 27-kDa 7B2 is cleaved 
in vitro by PC1/PC3 but not by PC2. After in
cubation of recombinant 27-kDa 7B2 and 21-kDa 
7B2 with PC1/PC3 or PC2, the samples were 
subjected to Western blot analysis using anti-7B2 
monoclonal antibodies. The left portion of the 
blot depicts incubation of the purified enzymes 
with recombinant 27-kDa 7B2, and the right half 
of the blot shows indentical incubations per
formed using 21-kDa 7B2. The center lane in 
each half represents the corresponding unin-
cubated control recombinant 7B2 protein. In
cubations were carried out for 6 h at 37°C. The 
enzymatic activity of PC2 measured in parallel 
samples lacking recombinant 7B2 was 4.5 pmol 
AMC per h per /tl, while the activity of 
PC1/PC3 was 8.4 pmol AMC per h per μΐ. 

number of prohormones, including those for insulin and opioid peptides (Guest et al., 

1992; Smeekens et al., 1992; Breslin et ai, 1993). The 7B2 protein may thus 

represent a useful target for therapeutic regulation of PC2 enzyme activity. We further 

postulate that mutated forms of 7B2 may yield potent inhibitors of the other mam

malian subtilisin-related proprotein cleavage enzymes. Such inhibitors could be 

valuable in light of the wide variety of physiological processes mediated by these 

enzymes. 
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SUMMARY 

The neuroendocrine polypeptide 7B2 is a highly-conserved secretory protein selectively 

present in prohormone-producing cells equipped with a regulated secretory pathway. We 

find that the amino-terminal half of 7B2 is distantly related to chaperonins, a subclass of 

molecular chaperones. When incubated in vitro with newly synthesized pituitary proteins, 

recombinant 7B2 specifically associated with the prohormone convertase PC2. Cell 

labelling combined with coimmunoprecipitation studies showed that in vivo the precursor 

form of 7B2 interacts with the proform of PC2. Pulse-chase analysis revealed that this 

association is transient in that it commences early in the secretory pathway while 

dissociation in the later stages appears to coincide with the cleavages of 7B2, proPC2 and 

prohormone. Our results suggest that 7B2 is a novel type of molecular chaperone 

preventing premature activation of proPC2 in the regulated secretory pathway. 

INTRODUCTION 

'Polypeptide chain binding proteins' or so-called molecular chaperones mediate correct 

protein folding and assembly in the cell by reducing the probability of formation of 

incorrect structures or maintaining an aggregation-prone polypeptide in a folding-

competent state. Molecular chaperones bind to specific structural elements that are 

exposed in the early stages of the folding process and the interactions are transient in that 

the chaperones themselves are not components of the final functional structure (for 

reviews see Rothman, 1989; Ellis and van der Vies, 1991 ; Gething and Sambrook, 1992). 

The molecular chaperone concept has been recently redefined as 'a protein that binds to 

and stabilizes an otherwise unstable conformer of another protein, and by controlled 

binding and release of the substrate protein, facilitates its correct fate in vivo: be it 

folding, oligomeric assembly, transport to a particular subcellular compartment, or 

controlled switching between active/inactive conformations' (Hendrick and Hartl, 1993). 

Molecular chaperones have been observed in a number of intracellular compartments, 

including in the endoplasmic reticulum (ER) (Freedman, 1989; Gething and Sambrook, 

1992; David et al., 1993; Ou et al., 1993). It is not known whether molecular chaperones 

occur in the later stages of the secretory pathway but in this compartment chaperone 

activity is probably also necessary, e.g. for proper folding and transport of enzymes 

responsible for the post-translational modification of secretory proteins. This may hold 
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especially for the trans-Golgi network (TGN) of regulated secretory cells in which the 

sorting of regulated secretory proteins away from constitutive proteins is thought to 

involve protein aggregation (Burgess and Kelly, 1987; Orci et al., 1987; Chanat and 

Huttner, 1991), a process which may jeopardize the folding, transport and activity of 

regulated enzymes. More particularly, this may be pertinent to the TGN/secretory granule 

compartments of the regulated secretory pathway in neurons and endocrine cells where 

the concerted action of a number of regulated enzymes is necessary for the production 

of neuropeptides and peptide hormones through processing of biologically inactive 

prohormones (Glembotski, 1982; Eipper and Mains, 1988; Fricker, 1988; Seidah et al., 

1990; Smeekens and Steiner, 1990; Thomas et al., 1991). 

The biosynthetic activity for production and processing of the prohormone 

proopiomelanocortin (POMC) can be physiologically manipulated in the intermediate 

pituitary cells of the amphibian Xenopus laevis through the process of background 

adaptation of the animal (Jenks et al., 1993). We used this model and differential cDNA 

library screening to search for genes coordinately expressed with POMC. This approach 

resulted in the isolation of a number of differentially hybridizing cDNAs, including those 

encoding the prohormone convertase PC2 and the neuroendocrine polypeptide 7B2 

(Martens et al., 1989; Braks et al., 1992). In Xenopus pituitary, the expression patterns 

of PC2 and 7B2 are indeed similar to that of POMC with high expression in the active 

intermediate pituitary cells of black-adapted animals (Ayoubi et al., 1991; Braks et al., 

1992). PC2 is a neuroendocrine-specific member of a recently identified family of 

endoproteases and cleaves prohormones at pairs of basic amino acid residues primarily 

in the acidic environment of the secretory granule compartment of the regulated secretory 

pathway (Seidah et al, 1990; Smeekens and Steiner, 1990; Barr, 1991; Seidah and 

Chrétien, 1992; Steiner et al., 1992). The 7B2 protein was initially isolated from porcine 

and human pituitary glands (Hsi et al, 1982; Seidah et al, 1983) and, like PC2, it is 

widely distributed in the central nervous system and in endocrine tissues (Iguchi et al, 

1987b; Marcinkiewicz et al, 1987; Steel et al, 1988; Cullinan et al, 1991; Seidah et 

al, 1991; Smeekens et al, 1991). The carboxy-terminal region of 7B2 contains three 

pairs of basic amino acid residues and biosynthetic studies have shown that in Xenopus 

intermediate pituitary newly synthesized 25-kDa 7B2 precursor is processed at its 

carboxy-terminus to an 18-kDa secretory product (Ayoubi et al, 1990). The biological 

role of 7B2 is unknown and both an intracellular function during prohormone maturation 

as well as an extracellular role for the 7B2-derived cleavage products as biologically 

active peptides have been suggested (Iguchi et al, 1987b; Marcinkiewicz et al, 1987; 
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Senatorov et al., 1993). 

We recently observed in an in vitro enzyme assay that recombinant 7B2 inhibits 

PC2 (Martens et al., 1994). In the present study we set out to investigate the role of 7B2 

in the cell. We find that 7B2 is a molecular chaperone that transiently interacts with the 

proenzyme form of PC2, thus controlling the activation of this zymogen in the secretory 

pathway. 

EXPERIMENTAL PROCEDURES 

Animals 

South-African clawed toads Xenopus laevis were bred and reared in the aquarium facility 

of the Department of Animal Physiology of the University of Nijmegen. Animals were 

adapted to a black background under constant illumination at 22 °C for at least three 

weeks. 

Antibodies 

Polyclonal anti-PC2 antibody L57 was prepared in rabbits against a synthetic peptide 

corresponding to amino acid residues 1-13 of the amino-terminus of mature mouse PC2. 

PC2 antibody 4BF was directed against a synthetic peptide corresponding to the carboxy-

terminal 10 amino acid residues of mouse PC2 (Shen et al., 1993). Monoclonal anti-7B2 

antibodies MON-100 and MON-102 are directed against the region 128-143 of mature 

human 7B2 (numbering refers to that used in Martens, 1988) and were available as 

ascites. MON-144 is to the region 64-94 of human 7B2 and is available as hybridoma 

culture supernatant. Details of the anti-7B2 antibodies have been previously described 

(Van Duijnhoven et al., 1991). Polyclonal anti-PCl/РСЗ antibody 2B6 was directed 

against amino acid residues 84-100 of mature PC1/PC3 (Vindrola and Lindberg, 1992). 

Rabbit polyclonal serum containing anti-mouse IgG was from Nordic Immunology 

(Tilburg, The Netherlands). 

Pulse and pulse-chase incubations 

Neurointermediate lobes of black-adapted Xenopus were dissected and preincubated in 

incubation medium (IM: 112 mM NaCl; 2 mM KCl; 2 mM CaCl2; 15 mM Hepes, pH 

7.4; 0.3 mg/ml BSA; 2 mg/ml glucose; pH 7.4) for 30 min at 22°C. Pulse-labelling of 

newly sythesized proteins was performed by incubating lobes in IM containing 10 mCi/ml 
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Tran35S-label (ICN radiochemicals) for the indicated time periods at 22°C. For pulse-

chase analysis, lobes were labeled for 30 min followed by either direct homogenization 

(pulse group) or chase incubation in 100 μ\ IM containing 5 mM L-methionine for 1 h, 

2 h or 3 h (chase groups) before homogenization. For the pulse-chase coimmuno-

precipitation experiments with native proteins, lobes were homogenized in buffer A (50 

mM Hepes, pH 7.2; 140 mM NaCl; 0.1% Triton X-100; 0.1% deoxycholate) containing 

1 % Tween-20,1 mM phenylmethylsulfonylfluoride (PMSF) and 0.1 mg/ml soybean tryp

sin inhibitor. Lysates were cleared by centrifugation (10,000 χ g, 7 min) and the superna-

tants were incubated with the anti-PC2 antibodies. For the pulse-chase experiments with 

denatured proteins and analysis by immunoprecipitation with the anti-PC2 antibodies, 

lobes were homogenized in buffer В (20 mM triethanolamine-HCl, pH 7.8; 140 mM 

NaCl, 0.1% Triton X-100; 0.1% deoxycholate) containing 1% SDS, 1 mM PMSF and 

1 mg/ml soybean trypsin inhibitor. Following centrifugation, the samples were diluted 

(1:20) in buffer A before immunoprecipitation. For the pulse-chase analysis with 

denatured proteins and the anti-7B2 antibodies, lobes were homogenized in buffer A con

taining 1% Tween-20, 1% SDS, 5 mM EDTA, 5 mM DTT, 1 mM PMSF and 1 mg/ml 

soybean trypsin inhibitor. Following centrifugation, the extract was dried, redissolved in 

8 M urea and diluted (1:200) in buffer В containing ImM EDTA before immunoprecipi

tation with the anti-7B2 antibodies MON-100 and -144. Immune complexes were 

precipitated with protein-Α Sepharose and analysed by SDS-PAGE. To quantify levels 

of newly synthesized proteins, autoradiographs exposed for various times were scanned 

using a laser densitometer (Ultrascan XL, LKB/Pharmacia). 

In vitro binding studies with recombinant 7B2 

Recombinant precursor and carboxy-terminally truncated forms of human 7B2 were 

produced in E. coli and purified to near homogeneity by metal-chelation chromatography 

as previously described (Martens et ai, 1994). Xenopus neurointermediate lobes were 

pulse-labeled with Tran35S-label for 2 h and newly synthesized proteins were extracted 

by homogenization of the lobes in buffer A containing 1 % Tween-20, 1 mM PMSF and 

0.1 mg/ml soybean trypsin inhibitor. The lysate was cleared by centrifugation (10,000 

χ g, 7 min) and SDS was added to the supernatant to a final concentration of 0.5%. The 

sample was diluted (1:5) in dilution buffer (50 mM Hepes, pH 7.2; 140 mM NaCl; 

0.02% BSA) containing 1 mM PMSF and 0.1 mg/ml soybean trypsin inhibitor, and 0.5 

/ig recombinant 7B2 was added. The sample (50 μΐ final volume; 0.5 lobe equivalent) 

was incubated for 60 min on ice. For immunoprecipitation analysis of recombinant 7B2 
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and associated radiolabeled proteins, the sample was diluted (1:20) in buffer A containing 

1 % Tween-20 and 0.02% BSA, and incubated with anti-7B2 antibodies MON-100, MON-

102 and MON-144 for 3 h at 4°C. Rabbit-anti-mouse antibodies were added and incuba

tion was continued for 1 h at 4°C. The immune complexes were precipitated with 

protein-Α Sepharose, rinsed four times with buffer A containing 1 % Tween-20, eluted 

from the protein-Α Sepharose by boiling for 5 min in SDS gel sample buffer and sub

jected to SDS-PAGE. 

Coimmunoprecipitation studies 

For the coimmunoprecipitation studies, radiolabeled lobes were homogenized under native 

conditions in buffer С (PBS [16 mM Na2HPO„, 4 mM NaH2P04, pH 7.4; 150 roM 

NaCl]; 0.5% NP-40; 0.1% deoxycholate) containing 1 mM PMSF and 0.1 mg/ml 

soybean trypsin inhibitor. After clearance of the lysates by centrifugation (10,000 χ g, 

7 min), anti-PC2 or anti-7B2 antibodies were added to the supematants and the samples 

were incubated for 2 h or 16 h at 4°C; in a control coimmunoprecipitation experiment 

with the anti-PC2 antibodies, recombinant 7B2 (3 /*g) was added together with the 

antibodies. Protein-A Sepharose was added and incubation was continued for 1 h. The 

beads were rinsed four times with buffer С and the radiolabeled proteins were analysed 

by SDS-PAGE. For extraction of the newly synthesized proteins under denaturing 

conditions, lobes were homogenized in buffer В containing 0.1% or 1% SDS (7B2 

immunoprecipitation) or in buffer A with 0.1 % or 1 % SDS (PC2 immunoprecipitation) 

and, for immunoprecipitation analysis, the samples were diluted (1:20) in buffer В and 

buffer A, respectively. For analysis of the newly synthesized proteins under ER, TGN 

or secretory granule conditions, lobes were homogenized in buffer A containing 0.1% 

SDS, except 10 mM Hepes (pH 7.2) instead of 50 mM Hepes (pH 7.2) was used. After 

centrifugation, the supernatant was diluted (1:10) in buffer A (ER conditions), buffer A 

except 3 mM Ca2+ and 50 mM MES (pH 6.4) instead of 50 mM Hepes (pH 7.2) (TGN 

conditions) or buffer A except 10 mM Ca2+ and 50 mM MES (pH 5.5) instead of 50 mM 

Hepes (pH 7.2) (secretory granule conditions). The samples were incubated for 10 min 

on ice, diluted (1:20) in buffer A and immunoprecipitated with the anti-PC2 antibodies. 

Dissociation and reimmunoprecipitation of immune complexes 

For sequential immunoprecipitation analysis, the protein complexes precipitated with the 

anti-PC2 antibodies under native conditions (see above) were dissociated by boiling for 

5 min in buffer В containing 2% SDS and 5 mM DTT. The protein-A Sepharose was 
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removed by centrifugation and the supernatant was diluted (1:25) in buffer В containing 

0.1% BSA. After removal of the anti-PC2 antibodies by protein-Α Sepharose, anti-7B2 

monoclonal antibodies MON-100, MON-102 and MON-144 were added and the samples 

were incubated in the absence or presence of recombinant 7B2 (10 /ig, control) for 16 h 

at 4°C. Rabbit-anti-mouse antibodies were added and incubation was continued for 2 h 

at 4°C. Immune complexes were precipitated by protein-Α Sepharose, rinsed four times 

with buffer В containing 0.1% SDS and analyzed by SDS-PAGE. 

Cross-linking experiments 

For the cross-linking experiments with newly synthesized proteins, Xenopus 

neurointermediate lobes were pulse labeled for 2 h, rinsed in PBS and incubated in PBS 

containing 1 mM dithiobis(succinimidyl propionate) (DSP; Sigma) for 30 min at 4°C. 

Lobes were homogenized in buffer С containing 1 mM PMSF, 0.1 mg/ml soybean 

trypsin inhibitor and 1 mM DSP, and the extract was incubated for 15 min at 4°C and 

centrifuged (10.000 χ g, 7 min). To the supernatant 10 mM glycine, 1% SDS and 7.5 

mM EDTA (final concentrations) were added, the sample was diluted (1:20) in buffer В 

and immunoprecipitated with anti-7B2 antibodies MON-100 and -144. 

SDS-PAGE 

Protein samples were boiled for 5 min in SDS gel sample buffer (4% SDS, 40% glycerol, 

4% 2-mercaptoethanol; 1:1) and subjected to SDS-PAGE using 12,5% SDS-polyacryl-

amide gels (Laemmli, 1970). Gels were processed for fluorography and radiolabeled 

proteins were detected by autoradiography at -70°C. 

RESULTS 

The 7B2 protein sequence contains a chaperonin-related domain 

In examining the 7B2 sequence for the presence of functional domains we noticed that 

the amino-terminal region of human 7B2 (residues 1-90 of mature 7B2; Martens, 1988) 

displays a remarkable amino acid sequence similarity with a portion of human, wheat and 

E. coli chaperonins 60 (Hemmingsen et al., 1988; Jindal et ai, 1989), three represen

tatives of the 60-kDa subclass of molecular chaperones (Figure 1 A). The alignment shows 

a sequence identity and similarity of 32% and 62%, respectively; a match was scored 

whenever an amino acid residue of 7B2 was found to occur at the corresponding position 
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Figure 1. The 7B2 protein sequence contains cha peroni η- and enzyme inhibitor-related domains. 
(A) Amino acid sequence similarity between human 7B2 and representative members of the chaperonin 60 
subclass of molecular chaperones. Residues identical between the 7B2 sequence and a chaperonin sequence 
are on a closed box background, and conservative amino acid substitutions are on an open boxed 
background. The one-letter amino acid notation is used and numbering refers to the sequence of 7B2. Gaps 
introduced in the sequences to optimize the alignment are represented by dashes. The human 7B2 sequence 
(Martens, 1988) is aligned with human mitochondrial chaperonin 60 (Jindal et al., 1989), wheat chloroplast 
chaperonin 60 (ribulose biphosphate carboxylase-oxygenase subunit binding protein; Hemmingsen et al., 
1988), and E. coli chaperonin 60 (GroEL; Hemmingsen et al., 1988). Only portions of the chaperonin-60 
sequences are shown and the number of amino acid residues in the amino-terminal and carboxy-terminal 
regions of these sequences are given in parentheses. The sequence of the 26-amino acid signal peptide 
(presequence) of human 7B2 is not included. 
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in at least one of the chaperonins. Similar degrees of amino acid sequence identity and 

similarity are found when porcine, mouse, rat, Xenopus or salmon 7B2 structures 

(Brayton et al, 1988; Martens et al., 1989; Mbikay et al, 1989; Waldbieser et al., 

1991) are compared with the chaperonin-60 sequences. It is interesting that the region of 

chaperonin 60 displaying similarity to the 7B2 protein is also distantly related to 

chaperonin-10 sequences; the amino acid sequence of E. coli chaperonin 10 (GroES) is 

38% identical and 62% similar to this region of the chaperonin-60 sequences (Martel et 

al., 1990; Figure IB). Furthermore, we recently observed (Martens et al., 1994) that the 

carboxy-terminal portion of 7B2 is distantly related to protein proteinase inhibitors of the 

so-called potato inhibitor I family (Laskowski and Kato, 1980) (Figure IB). In contrast 

to the chaperonin and inhibitor sequences, the polypeptide chain of 7B2 is preceded by 

a cleaved signal peptide sequence which allows 7B2 to enter the secretory pathway. 

In vitro interaction between recombinant 7B2 and newly synthesized PC2 

The finding that 7B2 is structurally related to chaperonins led us to search for a substrate 

with which 7B2 may interact. For this study human 7B2 precursor (without signal 

peptide) and the carboxy-terminally truncated, processed form of 7B2 were produced by 

expression in E. coli. We assessed the ability of the two forms of 7B2 to display protein-

protein interaction by incubating the recombinant 7B2 proteins with newly synthesized 

proteins produced by Xenopus intermediate pituitary cells pulse-labeled in vitro with 

Tran35S-label for 2 h. To abrogate any existing complexes between endogenous 7B2 and 

its substrates, the newly synthesized proteins were extracted under denaturing conditions 

and the extract was diluted before incubation with the recombinant proteins. Immuno-

precipitation of the samples with anti-7B2 antibodies revealed the coprecipitation of the 

recombinant precursor form of 7B2 with three radiolabeled proteins of apparent molecular 

masses 75 kDa, 71 kDa and 69 kDa, whereas the recombinant processed form of 7B2 

was found to interact with the 75-kDa and 71-kDa proteins (Figure 2, lanes 1 and 2). 

Incubation of the extract in the absence of the recombinant 7B2 proteins did not result in 

the precipitation of the 75-kDa, 71-kDa and 69-kDa proteins by the anti-7B2 antibodies 

(Figure 2, lane 3). The precipitation of the radiolabeled 37-kDa protein, which likely 

(B) Schematic representation of the structural relationship between human 7B2, chaperonins 60 and the 
potato inhibitor I family, and that between chaperonins 60 and E coli chaperonin 10 (GroES). Pre indicates 
the signal peptide sequence of the 7B2 protein Closed bars m the 7B2 protein denote pairs of basic amino 
acid residues Closed arrow indicates the presumptive site at which 25-kDa 7B2 is cleaved to 18-kDa 7B2 
in Xenopus intermediate pituitary (Ayoubi et al., 1990) ; open arrow indicates the scissile bond of the protein 
proteinase inhibitors of the potato inhibitor I family (Laskowski and Kato, 1980). 
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Figure 2. In vitro interaction between recom
binant 7B2 and newly synthesized PC2. Neuro-
intermediate lobes of Xenopus pituitaries were 
incubated in the presence of Tran35S-label for 2 h. 
Newly synthesized proteins were resolved by SDS-
PAGE and visualized by fluorography. Lane 1, 
newly synthesized proteins were incubated with the 
precursor form of recombinant 7B2 (r7B2) for 60 
min on ice and recombinant 7B2 with the 
associated proteins was immunoprecipitated (IP) 
with anti-7B2 antibodies. Lane 2, as in lane 1 but 
the newly synthesized proteins were incubated with 
the carboxy-terminally truncated, processed form 
of recombinant 7B2. Lane 3, as in lane 1 but 
incubation was performed in the absence of 
recombinant 7B2. Lane 4, newly synthesized pro
teins extracted under denaturing conditions and 
immunoprecipitated with anti-PC2 antibodies. 
Lane 5, as in lane 1 but immunoprecipitation was 
performed with normal rabbit serum (NRS). Lane 
6, total extract of newly synthesized proteins. 
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corresponds to newly synthesized prohormone POMC, appears to be due to nonspecific 

binding during the immunoprecipitation procedure since this product was also precipitated 

with control serum and any other antibody used, albeit to different degrees in the various 

experiments (e.g. Figure 2, lanes 4 and 5); POMC is by far the major product among the 

newly synthesized Xenopus intermediate pituitary proteins ( > 80% of total; Figure 2, lane 

6). The identity of the 75-kDa, 71-kDa and 69-kDa proteins as three forms of the newly 

synthesized prohormone cleavage enzyme PC2 was suspected because of the following 

three observations. First, recombinant 7B2 inhibits PC2 enzyme activity in vitro (Martens 

et ai, 1994), making this enzyme a candidate binding substrate. Second, the three 

proteins represent major newly synthesized products (Figure 2, lane 6) and PC2 mRNA 

levels are indeed relatively high in Xenopus intermediate pituitary (Braks et al. 1992). 

Third, Xenopus PC2 cDNA predicts a ~70-kDa protein (Braks et al., 1992) and the 

three forms of newly synthesized mammalian PC2 are similarly sized, namely ~ 76 kDa, 

-71 kDa and -67 kDa (Guest et al., 1992; Smeekens et ai, 1992; Alarcón et al., 

1993). Our proposition was confirmed by immunoprecipitation analysis of the newly 
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synthesized Xenopus intermediate pituitary proteins using an antibody to PC2. This 

analysis showed three PC2-reIated proteins with molecular masses of 75 kDa, 71 kDa and 

69 kDa (Figure 2, lane 4), identical to those of the three newly synthesized proteins 

selectively binding to recombinant 7B2 in vitro. 

In vivo association between newly synthesized PC2 and the precursor form of 7B2 

Having demonstrated in vitro association, we then investigated whether newly synthesized 

PC2 interacts with 7B2 in the cell. Using anti-PC2 antibody, immunoprecipitation of 

newly synthesized proteins, produced by pulse-incubated Xenopus intermediate pituitary 

cells and extracted under native conditions, led to the coprecipitation of the three forms 

of PC2 with a 25-kDa newly synthesized protein (Figure ЗА, lane 2). Two anti-PC2 

antibodies coprecipitated the 25-kDa product with PC2, one antibody directed against a 

synthetic peptide corresponding to the amino-terminal and the other to the carboxy-

terminal region of PC2. Inclusion of the antigenic carboxy-terminal synthetic peptide 

during the immunoprecipitation with the carboxy-terminally directed anti-PC2 antibody 

had no effect on the precipitation of the 37-kDa POMC protein but effectively prevented 

the precipitation of both the three PC2 proteins and the 25-kDa protein (data not shown). 

The antibodies to PC2 precipitated only the three PC2 products and not the 25-kDa 

protein when the newly synthesized proteins were extracted under denaturing conditions 

(Figure 2, lane 4). 

The identity of the 25-kDa coimmunoprecipitated radiolabeled product as 25-kDa 

7B2 was suggested by their comigration on SDS-PAGE (Figure ЗА, lanes 2 and 5). To 

determine if the 25-kDa radiolabeled product was indeed 7B2, a sequential immuno

precipitation protocol was designed involving immunoprecipitation of the newly 

synthesized proteins with the anti-PC2 antibodies, elution of the PC2-associated proteins 

and reimmunoprecipitation with the anti-7B2 antibodies. This analysis revealed the 

reprecipitation of only the 25-kDa protein (Figure ЗА, lane 3), a product not immuno-

precipitated when excess recombinant 7B2 was present during the reimmunoprecipitation 

with the anti-7B2 antibodies (Figure ЗА, lane 4). These results demonstrate that the 25-

kDa coimmunoprecipitated product is the newly synthesized precursor form of 7B2. In 

contrast, in the coimmunoprecipitation experiment with the anti-PC2 antibodies the 18-

kDa cleavage product of 7B2 was not coprecipitated with PC2 (Figure ЗА, lanes 2 and 

5)· 

Immunoprecipitation of the native proteins with the anti-PC2 antibodies in the 

presence of excess recombinant 7B2 still resulted in the coprecipitation of PC2 and 25-

65 



Chapter 4 

_ , 75ЫРС2 ·:.·:: "С J .... 
_ _ rikaPOJ 7ІІЯРСЯ « 
* ч в и к а «β «ч « а 

m i p рсгрсйрсгтва 
2;«J IP 7Н? 7B2 -

г;вг - - - ι -

37 kd РОМС —» 

U-M-iekXPOMC IP « а к г р и к к 
~/В2 - * — — 
G.1%SDS - - • 

/i k¡) PCZ - т . 
7Τ kd PC2 — · - ; 
e9kdPC2-" ¡ 

'kdPOWC~^| 

29M782 -*-

IP 
pH 

i г з 

И 

РС2 РС2 РС2 
7 2 6.4 5-β 
3 S 1С 

Figure 3. In vivo association of newly synthesized PC2 with 25-kDa 7B2. Neurointermediate lobes of 
Xenopus pituitaries were incubated in the presence of Tran35S-label for 2 h. Newly synthesized proteins 
were resolved by SDS-PAGE and visualized by fluorography. (A) Lane 1, total extract of newly synthesized 
proteins. Lane 2, newly synthesized proteins extracted under native conditions and immunoprecipitated (IP) 
with anti-PC2 antibodies. Lane 3, sequential immunoprecipitation. PC2 immunoprecipitates (as in lane 2) 
were eluted and reimmunoprecipitated with anti-7B2 antibodies. Lane 4, as in lane 3 but reimmuno-
precipitation in the presence of excess recombinant 7B2 (r7B2). Lane 5, newly synthesized proteins 
extracted under denaturing conditions and immunoprecipitated with anti-7B2 antibodies. (B) Lane 1, newly 
synthesized proteins extracted under native conditions and immunoprecipitated with anti-PC2 antibodies. 
Lane 2, as in lane 1 but immunoprecipitation in the presence of excess recombinant 7B2. Lane 3, as in lane 
1 but newly synthesized proteins extracted and immunoprecipitated in the presence of 0.1% SDS. Lane 4, 
newly synthesized proteins extracted under native conditions and immunoprecipitated with normal rabbit 
serum (NRS).(C) Lane 1, newly synthesized proteins were extracted and incubated under ER conditions 
(pH 7.2, 0 mM Ca2+) and immunoprecipitated with anti-PC2 antibodies. Lane 2, as in lane 1 but incubation 
under TGN conditions (pH 6.4, 3 mM Ca2+). Lane 3, as in lane 1 but incubation under secretory granule 
conditions (pH 5.5, 10 mM Ca2+). 

kDa 7B2 (Figure 3B, lane 2), indicating that radiolabeled 7B2 was precipitated as a 

complex with PC2 and not because of nonspecific interaction with the antibodies. The 

interaction between PC2 and 25-kDa 7B2 is relatively strong since the presence of 0.1 % 

SDS during the extraction of the newly synthesized proteins did not prevent the 

coprecipitation of the two proteins and extraction in the presence of 1% SDS was 

required to abrogate the interaction between PC2 and 7B2 (Figure 3B, lane 3 and data 

not shown). Normal rabbit serum precipitated only 37-kDa POMC (Figure 3B, lane 4). 

Incubation of the native newly synthesized proteins under conditions within the 

physiological pH- and [Ca2+]-range of ER (pH 7.2, 0 mM Ca2+), TGN (pH 6.4, 3 mM 

Ca2+) or secretory granules (pH 5.5, 10 mM Ca2+) (Chanat and Huttner, 1991) did not 
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significantly affect the coprecipitation of PC2 and 25-kDa 7B2 (Figure 3C). Hence, such 

changes in pH and [Ca2+] are apparently not sufficient for dissociating the 7B2/PC2 

complex during transport through the secretory pathway. 

In vivo association between newly synthesized 7B2 and the 75-kDa form of PC2 

We next examined which form of PC2 is associated with 25-kDa 7B2 in the cell. Using 

anti-7B2 antibodies, immunoprecipitation of the newly synthesized Xenopus intermediate 

pituitary proteins extracted under native conditions resulted in the precipitation of only 

the 18-kDa processed form and not the 25-kDa precursor form of 7B2 (data not shown). 

This finding indicates that the 25-kDa 7B2 precursor can not be immunoprecipitated 

under these conditions, presumably because of the binding of this form of 7B2 to PC2; 

18-kDa 7B2 is not bound to PC2 in the cell (see above) which explains why this form is 

readily precipitable with the anti-7B2 antibodies. Both forms of 7B2 were precipitable by 

the antibodies to 7B2 when protein-protein interactions were abrogated by preparing the 

extract under denaturing conditions (Figure ЗА, lane 5), demonstrating that these 

antibodies are able to recognize uncomplexed newly synthesized Xenopus 25-kDa 7B2 

precursor. Our finding that the monoclonal antibodies to recombinant human 7B2 

precipitated the in vitro complex between recombinant human 7B2 precursor and newly 

synthesized Xenopus PC2 (Figure 2, lane 1) but not the in vivo complex between the 

newly synthesized Xenopus proteins may result from species or experimental differences. 

In view of the above, we first cross-linked the newly synthesized proteins with the 

cleavable cross-linking reagent DSP prior to extraction under denaturing conditions and 

immunoprecipitation with the anti-7B2 antibodies. In this analysis newly synthesized PC2 

was found to be coprecipitated with 7B2, but only the 75-kDa form, and not the 71-kDa 

and 69-kDa forms of PC2 (Figure 4, lanes 3 and 4). 

Together, the coimmunoprecipitation experiments demonstrate that in the cell the 

25-kDa precursor form of 7B2 is specifically associated with the 75-kDa form of PC2 and 

that the 7B2/PC2 complex is sufficiently stable to remain intact after cell solubilization. 

For an estimation of the ratio between 7B2 and PC2 in the complex, it is important to 

realize that in the secretory pathway 25-kDa 7B2 and 75-kDa PC2 are short-living 

precursor proteins (see below). We should therefore not consider amounts of the stored 

proteins but rather levels of the newly synthesized products or, for a less direct estimate, 

levels of their mRNAs. In this connection one should also appreciate that for the two 

proteins the number of amino acid residues which could be potentially radiolabeled in our 

biosynthetic studies considerably differs because Xenopus PC2 contains 15 methionine and 
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Figure 4. Cross-linking and coimmuno-
precipitation of newly synthesized 75-kDa PC2 
with 7B2. Lane 1, total extract of newly 
synthesized proteins produced by neurointer
mediate lobes of Xenopus pituitaries incubated in 
the presence of Tran35S-label for 2 h. Lane 2, 
newly synthesized proteins extracted under 
denaturing conditions and immunoprecipitated (IP) 
with anti-7B2 antibodies. Lane 3, newly synthe
sized proteins were cross-linked with DSP, 
extracted under denaturing conditions and immu
noprecipitated with anti-7B2 antibodies. Lane 4, 
newly synthesized proteins immunoprecipitated 
with anti-PC2 antibodies. To achieve optimal 
separation of the three forms of PC2, extended gel 
electrophoresis was performed such that in this 
experiment the newly synthesized 18-kDa 7B2 
cleavage product migrated off the gel. 

8 cysteine residues (Braks et al., 1992) while Xenopus 7B2 has only 2 methionines and 

2 cysteines (Martens et al., 1989); the Tran35S-label used contains —80% [35S]-mefhio-

nine and ~15% [35S]-cysteine. Furthermore, since the cross-linking reaction is not 

expected to be quantitative, we only considered the experiments with the anti-PC2 

antibodies and direct immunoprecipitation of native newly synthesized proteins (e.g. 

Figure ЗА, lane 2). Taking into account the difference in the number of potentially 

radiolabeled sites and on the basis of densitometric scanning of the autoradiograms, we 

expect that in the Xenopus intermediate pituitary cells stoichiometric amounts of newly 

synthesized 25-kDa 7B2 and 75-kDa PC2 may well occur. A ratio of ~ 1:1 between these 

proteins is in line with the results of RNase protection assays and cDNA library screening 

which revealed the presence of similar levels of 7B2 and PC2 mRNAs in Xenopus 

intermediate pituitary (J.C.M. Holthuis, W.H. Van den Hurk, J.Α.Μ.В. and G.J.M.M., 

unpublished data). 

In addition to PC2, the neuroendocrine-specific, PC2-related convertase PCI (also 

referred to as PC3; Smeekens et al., 1991) is expressed in rat intermediate pituitary cells, 

albeit at a much lower level than PC2 (Day et ai, 1992); the catalytic domains of 

PC1/PC3 and PC2 share 55% amino acid sequence identity (Seidah and Chrétien, 1992). 
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Immunoprecipitation analysis with an anti-PCl/РСЗ antibody revealed that also in 

Xenopus intermediate pituitary PC1/PC3 is expressed; the level of expression of the 88-

kDa and 83-kDa PC1/PC3 proteins indeed appeared to be much lower than that of PC2. 

Under conditions identical to those for 7B2 and PC2 coprecipitation but using the 

antibody to PC1/PC3, no newly synthesized 7B2 was found to be coprecipitated with 

PC1/PC3 (data not shown). The cross-linking experiment described above further 

indicated that newly synthesized 7B2 is not associated with PC1/PC3 (Figure 4, lane 3). 

Transient interaction between newly synthesized 7B2 and PC2 in the secretory pathway 

Biosynthetic pulse-chase studies were performed to examine the time course of precursor 

protein processing and the dynamics of the interaction between 7B2 and PC2 during 

transport of the newly synthesized proteins through the secretory pathway of the Xenopus 

intermediate pituitary cells. The major radiolabeled protein during the 30-min pulse 

period, 37-kDa POMC, is processed to 14-18-kDa POMC cleavage products during 

subsequent chase incubations, and only the processed products and not POMC itself are 

released into the incubation medium (Figure 5A). Extraction of the proteins from pulse-

labeled cells under denaturing conditions and immunoprecipitation with the anti-PC2 

antibodies showed the 75-kDa form of PC2 (Figure 5B, lane 1). During subsequent chase 

incubations the disappearance of 75-kDa PC2 corresponds in the time course with the 

appearance of the 71-kDa and 69-kDa forms of PC2. These results indicate that the 75-

kDa protein is the preform of PC2 which is cleaved to the lower molecular weight 

products with the 71-kDa form as the processing intermediate to 69-kDa PC2, the end 

product of PC2 processing and the only form of PC2 to be secreted (Figure 5B). In 

agreement with previous studies (Ayoubi et al., 1990), immunoprecipitation analysis of 

the denatured proteins using the anti-7B2 antibodies revealed the processing of the pulse-

labeled 25-kDa precursor form of 7B2 to the 18-kDa form and the subsequent release of 

only the 18-kDa processed product (Figure 5C). 

To study the association between 7B2 and PC2 during transport through the 

secretory pathway, the newly synthesized proteins were extracted under native conditions 

and immunoprecipitated with the anti-PC2 antibodies (Figure 5D). The 25-kDa form of 

7B2 was found to be coimmunoprecipitated with PC2 during the pulse period while the 

amount of the coprecipitated 7B2 product gradually decreased during subsequent chase 

periods such that after the 3-h chase period virtually no 7B2 was coprecipitated with PC2. 

During this analysis no 18-kDa processed 7B2 was found to be coprecipitated with PC2 

(Figure 5D, lanes 1-4). Analysis of the chase incubation media revealed that neither form 
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of 7B2 was associated with the secreted 69-kDa form of PC2 (Figure 5D, lanes 5-7). 

Note that in the pulse groups of the experiments with the anti-PC2 antibodies only 

proPC2 was precipitated from the denatured proteins (Figure 5B, lane 1), whereas the 

three forms of PC2 were precipitated from the native proteins (Figure 5D, lane 1). It 

therefore appears that in the extract prepared under native conditions partial conversion 

of proPC2 to its intermediate and mature forms occurred, presumably by endoproteolytic 

activity that is abolished in the extract of the denatured proteins. 

The rate of dissociation of the complex between 25-kDa 7B2 and proPC2 appeared 

to be similar to the rate of 25-kDa 7B2, proPC2 and POMC processing (Figure 5E). 

DISCUSSION 

The physiological role of the neuroendocrine polypeptide 7B2 has eluded investigators for 

over ten years. On the basis of the present results we conclude that 7B2 is a molecular 

chaperone with the prohormone cleavage enzyme PC2 as its physiological target. A 

peculiar feature of 7B2 concerns the presence of two distinct domains in its structure, 

namely chaperonin- and enzyme inhibitor-related. The portion of chaperonin 60 with 

similarity to 7B2 and chaperonin 10 could represent the region involved in protein-protein 

interaction during chaperone activity. This observation may help structure-function studies 

on these chaperones. The sequence similarity between 7B2 and the potato inhibitor I 

family is of interest since this family includes subtilisin inhibitors (Laskowski and Kato, 

1980; Seemüller et al., 1980) and PC2 is a subtilisin-like enzyme (Seidah and Chrétien, 

1992; Steiner et al, 1992). 

Figure 5. Transient interaction between newly synthesized 7B2 and PC2 in the secretory pathway. 
Neurointermediate lobes of Xenopus pituitaries were incubated in the presence of Tran35S-label for 30 nun 
(pulse) and chased for 0, 60, 120 and 180 min. Newly synthesized proteins were resolved by SDS-PAGE 
and visualized by fluorography. (A) Lanes 1-4, total newly synthesized proteins extracted under denaturing 
conditions from lobes pulse-incubated and chased for the indicated time periods. Lanes 5-7, total newly 
synthesized proteins in chase media. (B) As in A but newly synthesized proteins immunoprecipitated with 
anti-PC2 antibodies. (C) As in A but newly synthesized proteins immunoprecipitated with anti-7B2 
antibodies. (D) As in A but newly synthesized proteins extracted under native conditions and 
immunoprecipitated with anti-PC2 antibodies. (E) Time course of POMC, proPC2 and 25-kDa 7B2 
processing, and of the dissociation of the 25-kDa 7B2/proPC2 complex. Values are taken from pulse-chase 
analyses as shown in Α-C (upper graph) or from coprecipitation analyses as in D (lower graph) and are 
representative values of three independent experiments. 
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The results of three different experimental approaches demonstrate that the 7B2 

protein physically associates with PC2. First, recombinant 7B2 selectively binds in vitro 

to radiolabeled PC2 and not to other newly synthesized proteins produced by Xenopus 

intermediate pituitary cells. Second, newly synthesized 25-kDa 7B2 and proPC2 are 

coimmunoprecipitated. Third, recombinant 7B2 precursor inhibits PC2 enzyme activity 

in vitro (Martens et al., 1994). Concerning the ratio between 25-kDa 7B2 and proPC2 

in the complex, we conclude from our studies that stoichiometric amounts of these 

proteins may well occur in the cell. Therefore, one would expect that in the secretory 

pathway a signification fraction, if not all, of the newly synthesized proPC2 is associated 

with 7B2. Our findings further indicate that in vivo the 18-kDa processed form of 7B2 

is not associated with PC2 because the antibodies to PC2 did not coprecipitate this form 

of 7B2 with PC2 and, in contrast to the 25-kDa form, 18-kDa 7B2 is readily precipitable 

with the anti-7B2 antibodies. Taken together, these results establish that in the cell the 

precursor form (but not the processed form) of 7B2 interacts with the proform (but not 

the mature form) of PC2. In vitro, recombinant 7B2 precursor was found to bind not only 

to newly synthesized proPC2 but also to mature PC2. The carboxy-terminal region of the 

7B2 precursor appears to be necessary for its in vitro binding to the mature enzyme since 

the carboxy-terminally truncated form of recombinant 7B2 does not inhibit PC2 enzyme 

activity (Martens et al., 1994) and does not bind to newly synthesized mature PC2 in 

vitro. In vivo, however, 7B2 precursor encounters only the proform and not the mature 

form of PC2 because in the secretory pathway the cleavage of 7B2 precursor coincides 

with the conversion of proPC2 to its mature form. Likewise, the processed form of 7B2 

was found to interact with newly synthesized proPC2 in vitro but is not associated with 

either form of PC2 in vivo. Our in vitro findings thus provide insight into the binding 

capacities and inhibitory activities of the two forms of 7B2 but do not a priori reflect the 

in vivo situation. Furthermore, since the proenzyme form of PC2 is catalytically inactive 

with respect to substrate cleavage and 7B2 interacts in vivo only with this form of PC2, 

in the cell 7B2 does not act as an enzyme inhibitor per se but rather as a chaperone 

assisting transport and preventing premature activation of proPC2 in the secretory 

pathway (see below). 

The time course of the dissociation of the 25-kDa 7B2/proPC2 complex parallels 

that of three processing events in the Xenopus intermediate pituitary cells, i.e. the 

switching of inactive proPC2 to mature enzyme, the conversion of 25-kDa 7B2 precursor 

to 18-kDa 7B2 and the proteolytic cleavage of POMC. This would indicate that the 

kinetics of transport and processing of proPC2, 25-kDa 7B2 and POMC are similar for 
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the three proteins. Hence, the interaction between 25-kDa 7B2 and proPC2 appears to end 

during the course of segregation to the site of prohormone conversion in the 

TGN/secretory granule compartments of the secretory pathway. The dissociation of the 

complex and the concurrent or subsequent activation of proPC2 may thus allow 

prohormone processing to start. The trigger for complex dissociation could involve the 

cleavages of 25-kDa 7B2 and proPC2, other post-translational modifications, unknown 

cofactors or the exposure of the complex to alterations in its microenvironment during 

transport through the secretory pathway. 

The molecular chaperone concept includes a role for the chaperone in the transport 

of its substrate protein to a particular subcellular compartment and the controlled 

modulation of activity of the substrate (Hendrick and Haiti, 1993). We propose that the 

physiological role of 7B2 concerns the effective regulation of PC2 prohormone converting 

activity in the secretory pathway by holding the proenzyme in an inactive form in the ER-

Golgi region and allowing the switch to the active enzyme in the TGN/secretory granules, 

the subcellular site where the enzyme functions. Cleavage of proPC2 to mature enzyme 

is thought to be autocatalytic (Matthews et al., 1994) and thus 7B2 conceivably prevents 

premature autocatalytic proPC2 maturation. The release of 7B2 from PC2 seems to be 

a controlled process thus enabling the regulation of the switch between inactive and active 

conformations of the enzyme. Since the interaction between 7B2 precursor and proPC2 

appears to start early in the secretory pathway, 7B2 could recognize structural elements 

exposed by the newly synthesized, unfolded or partly folded proPC2 protein. Regulated 

secretory proteins have a tendency to aggregate and their aggregation in the TGN appears 

to be a prerequisite for protein sorting to the regulated secretory pathway and for the 

formation of secretory granules (Orci et al., 1987; Chanat and Huttner, 1991). Newly 

synthesized, regulated proPC2 may thus be in an aggregation-prone conformation and the 

chaperone 7B2 would assist transport of the proenzyme from the ER to the 

TGN/secretory granules by preventing aggregation of an early folding intermediate. 

The neuroendocrine-specific prohormone convertases PC1/PC3 and PC2 belong 

to a family of subtilisin-related endoproteases which further includes the yeast enzyme 

Kex2 and the constitutive enzyme furin (Julius et al., 1984; Van den Ouweland et al., 

1990; Barr étal., 1991; Seidah étal., 1991; Smeekens étal, 1991). Proteases like the 

subtilisins are zymogens in that they are initially synthesized as inactive proproteins with 

the propeptide being cleaved proteolytically to generate the active enzymes. The 

propeptide mediates proper enzyme folding by accelerating formation of the native 

conformation and thus functions as a so-called 'intramolecular chaperone' (Zhu et al., 
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1989). From our findings we conclude that the subtilisin-related PC2 apparently needs 

additional chaperone activity provided by 7B2 and thus the propeptide-mediated folding 

pathway may not apply to or may not be sufficient for this enzyme. The question then 

arises whether the other proprotein cleavage enzymes also need an additional chaperone 

and if 7B2 is specific for PC2. The results of our coimmunoprecipitation and cross-

linking experiments suggest that newly synthesized PC1/PC3 is not associated with 7B2. 

Moreover, PC1/PC3 is not inhibited by recombinant 7B2 in an in vitro enzyme assay 

(Martens et al., 1994). Recent evidence has shown that in the secretory pathway 

proPCl/РСЗ is activated earlier than proPC2, suggesting that the kinetics and mechanism 

of zymogen activation differ between the two convertases (Guest et al., 1992; Benjannet 

et al., 1993; Shen et al., 1993; Zhou et al., 1993). Our findings provide evidence for the 

hypothesis that 7B2 is, at least partially, responsible for the late activation of proPC2. 

Collectively, our results reveal the existence of a molecular chaperone in the later 

stages of the secretory pathway and suggest that, through the control of proPC2 

maturation by transient protein-protein interaction, 7B2 is a key component of a novel 

mechanism by which the production of peptide hormones and neuropeptides can be 

regulated. We further conclude that 7B2 represents a novel member of the chaperone 

family because of (1) its size and two-domain structure, (2) its subcellular post-ER 

location, (3) its selective presence in the regulated secretory pathway of prohormone-

producing neurons and endocrine cells, and (4) its proteolytic processing and secretion 

into the extracellular space. 
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SUMMABY 

7B2 is a highly conserved neuroendocrine protein that is associated with the preform of 

the prohormone convertase PC2 in the early stages of the secretory pathway in Xenopus 

laevis intermediate pituitary cells. Here we report biosynthetic studies showing that in 

both Xenopus and mouse intermediate pituitary cells conversion of proPC2 does not take 

place when the proenzyme is associated with the 7B2 precursor. Moreover, in vivo 

dissociation of the complex between proPC2 and the N-terminal 7B2 fragment precedes, 

and is thus not directly linked to proPC2 maturation. In vitro, conversion of newly 

synthesized proPC2 was efficiently blocked by the 7B2 precursor and studies with 

deletion mutants indicated that a short segment in the C-terminal region of 7B2 is 

necessary and sufficient for its inhibitory effect. Together, we argue that after 7B2 

precursor processing and dissociation of the N-terminal fragment, the C-terminal 

fragment of 7B2 may remain associated with proPC2, thereby preventing autocatalytic 

conversion of the proenzyme until the appropriate site for activation in the secretory 

pathway is reached. 

INTRODUCTION 

During the last few years it has become clear that the prohormone convertases PCI (also 

referred to as PC3) and PC2 are the main enzymes responsible for processing of 

prohormones at pairs of basic amino acid residues in neurons and endocrine tissues (for 

recent reviews see Seidah and Chrétien, 1992; Smeekens, 1993; Bloomquist and Mains, 

1993; Halban and Irminger, 1994). PCI is thought to be responsible for the early 

cleavages in the secretory pathway, while the later processing steps are considered to be 

the result of PC2 convertase activity (Guest et al., 1992; Smeekens et ai, 1992; Zhou 

et al., 1993; Milgram and Mains, 1994). Like other members of the family of subtilisin-

related endoproteases (e.g. furin and yeast Kex2), PCI and PC2 are synthesized as 

inactive zymogens containing an N-terminal proregion (Steiner et al., 1992). Mutational 

analysis recently revealed that N-terminal processing of the proforms of PCI and PC2 

at pairs of basic amino acids occurs autocatalytically by an intra- or intermolecular 

reaction (Matthews et al., 1994; Goodman and Gorman, 1994; Shennan et al., 1995). 

Several studies with mammalian cells indicated that removal of the propeptide from 

proPCl starts very early in the secretory pathway of neuroendocrine cells, probably 
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immediately after translocation of the PCI protein into the endoplasmic reticulum (ER) 

(Benjannet et al., 1993; Milgram and Mains, 1994; Lindberg, 1994). In contrast, 

conversion of proPC2 into its mature form seems to occur in a Golgi or post-Golgi 

compartment (Shen et al., 1993; Benjannet et al., 1993; Zhou and Mains, 1994), which 

could explain the delayed enzymatic activity of PC2 as compared to PCI. 

We recently suggested that the neuroendocrine polypeptide 7B2 might be involved 

in the regulation of PC2 activation (Braks and Martens, 1994). 7B2 is a highly conserved 

secretory protein that is widely expressed in neurons and endocrine cells (Marcinkiewicz 

et al., 1987; Iguchi et al., 1987b; Steel et al., 1988; Mbikay et al., 1989; Martens et al., 

1989; Waldbieser et al., 1991) and synthesized as a precursor protein, which is processed 

at its C-terminus (Ayoubi et al., 1990; Paquet et al., 1991b, 1994). We found that 7B2 

was structurally related to a subclass of molecular chaperones, called chaperonins, and 

that it was associated with proPC2 (but not with proPCl) during its transport through the 

early stages of the secretory pathway in intermediate pituitary cells of the amphibian 

Xenopus laevis (Braks and Martens, 1994). Based on these findings and the observations 

that recombinant 7B2 precursor inhibits PC2 activity and blocks autocatalytic conversion 

of immunopurified proPC2 in vitro (Martens et al., 1994), we suggested that 7B2 might 

be involved in the prevention of premature PC2 activation. 

Here we study, both in vivo and in vitro, the role of 7B2 in the regulation of 

proPC2 maturation in more detail. 

EXPERIMENTAL PROCEDURES 

Animals 

South-African clawed toads Xenopus laevis were bred and reared in the aquarium facility 

of the Department of Animal Physiology at the University of Nijmegen (The Nether

lands). Animals were adapted to a black background under constant illumination at 22 °C 

for at least 3 weeks. Female C57BL/6 mice were bred in the Central Animal Facility of 

the University of Nijmegen (The Netherlands). 

Pulse and pulse-chase incubations 

Pulse and pulse-chase incubations of intermediate pituitary cells of black-adapted Xenopus 

in the presence of Tran[35S] label (ICN Radiochemicals) were performed as described 

previously (Braks and Martens, 1994). In some experiments, brefeldin A (2.5 jig/ml. 
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Sigma) or monensin (100 nM, Sigma) was included in the pulse and chase media. 

Intermediate pituitaries of mice were dissected and pulse-labeled in methionine- and 

cysteine-free Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% 

(v/v) dialyzed fetal calf serum (FCS) at 37 е С in an atmosphere of 5 % C02. Labeling was 

performed with 5 mCi/ml Tran[15S] label for 45 min. The pulse-labeled cells were 

analyzed directly or incubated for additional time periods in complete DMEM 

supplemented with 10% non-dialyzed FCS. 

Antibodies 

Polyclonal antisera against the C-terminus of PC2 (4BF, Shen et al., 1993) and against 

amino acids 84-100 of PCI (2B6, Vindrola and Lindberg, 1992) were kindly provided 

by Dr. Iris Lindberg (New Orleans, LA, U.S.A.). Antiserum directed against the 

catalytic domain of PC2 (Guest et al., 1992) was kindly provided by Dr. John Hutton 

(Cambridge, UK). The anti-7B2 monoclonal antibodies MON-100, MON-102 and MON-

144 have been described previously (Van Duijnhoven et al., 1991). 

Immunoprecipitations 

Coimmunoprecipitation experiments of PC2 and 7B2 from Xenopus intermediate pituitary 

lysates were performed in immunoprecipitation (IP) buffer (50 mM Hepes, pH 7.2; 140 

raM NaCl; 0.1 % (v/v) Triton X-100; 0.1 % (w/v) sodium deoxycholate; 1 % (v/v) Tween-

20; 1 mM phenylmethylsulfonylfluoride (PMSF); 0.1 mg/ml soybean trypsin inhibitor) 

as described (Braks and Martens, 1994). For the immunoprecipitation of denatured 

proteins with antibodies against PC2, PCI or 7B2, the same procedure was followed 

except that extraction of proteins was performed in the presence of 5mM EDTA and 1 % 

(w/v) SDS. During the incubations with the antibodies 5 mM EDTA and 0.1% SDS was 

present. Coimmunoprecipitation experiments with mouse intermediate pituitary proteins 

were performed as for Xenopus except that SDS was added to the supematants to a final 

concentration of 0.1% before addition of anti-PC2 antiserum. For immunoprecipitation 

of only PC2-related products, 10 mM EDTA was present during the lysis step and the 

subsequent incubations. For immunoprecipitation of 7B2 from mouse intermediate 

pituitary, SDS (2% final concentration) and dithiothreitol (20 mM final concentration) 

were added to the lysates and the samples were boiled for 5 min. The extracted proteins 

were diluted 20 times in immunoprecipitation buffer before addition of the anti-7B2 

monoclonal antibodies. 

78 



Analysis of the interaction between 7B2 and PC2 

Production of recombinant 7B2 proteins 

The prokaryotic expression constructs encoding human 7B2 and mutants thereof, were 

generated by PCR, using specific primers and the mutated constructs were verified by 

DNA sequencing (Van Horssen et al., 1995). The recombinant 7B2 proteins were 

produced and purified as described (Martens et al., 1994). 

In vitro incubation of newly synthesized proPC2 with recombinant 7B2 

Xenopus intermediate pituitaries were pulse-labeled in the presence of brefeldin A (2.5 

Mg/ml) for 2 h and homogenized in IP buffer containing 2 mM EDTA. After centri-

fugation (10,000 χ g, 7 min), supernatants were diluted 10 times in assay buffer (50 mM 

Hepes, pH 7.2.; 140 mM NaCl; 1 mM PMSF). The samples (50 μΐ) were incubated for 

4 h at 22 е С in the absence or presence of 1 jig recombinant 7B2 protein. The reaction 

was terminated by the addition of SDS to a final concentration of 1 %. After dilution, PC2 

was immunoprecipitated from the samples and the precipitates were analyzed by SDS 

PAGE (Laemmli, 1970) and fluorography. Results were quantified by scanning the 

autoradiographs. Alternatively, newly synthesized proPC2 was immunopurified from the 

lysates prior to the incubation with recombinant 7B2. To immunopurify proPC2, anti-PC2 

antiserum 4BF was added to a lysate prepared as above and incubated for 90 min at 4°C. 

The incubation was continued for another 30 min in the presence of protein A-Sepharose. 

The precipitate was rinsed three times in IP buffer with 2 mM EDTA and once in assay 

buffer. Incubations of the immunopurified PC2 on protein A-Sepharose beads were 

performed in assay buffer (reaction volume 25 μΐ) in the presence or absence of 0.5 /*g 

recombinant 7B2 for 4 h at 22°C. Reactions were stopped by adding Laemmli buffer and 

samples were analyzed by SDS-PAGE (Laemmli, 1970). 

RESULTS AND DISCUSSION 

Analysis of the biosynthesis of PCI andPC2, and the course of interaction between 7B2 

andproPC2 in Xenopus intermediate pituitary 

We recently suggested that 7B2 might be involved in the suppression of premature 

proPC2 conversion in the secretory pathway of neuroendocrine cells (Braks and Martens, 

1994). To investigate such a role in more detail, biosynthetic studies were performed with 

Xenopus intermediate pituitary cells in the presence or absence of the fungal metabolite 

brefeldin A or the ionophore monensin. Brefeldin A causes accumulation of secretory 
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proteins in the ER (Misumi et al., 1986; Doms et al., 1989; Lippincott-Schwartz et al., 

1991) and monensin is known to prevent transport between Golgi-compartments 

(Tartakoff, 1983). The effect of these drags on protein biosynthesis and secretion in 

Xenopus intermediate pituitary cells is shown in Figure 1A. After a 30-min pulse period, 

POMC was the main radiolabeled protein in the extract (Figure 1A, lane 1) which, in a 

subsequent 60 min of chase, was partially processed into smaller products (Figure 1A, 

lane 2). In the presence of brefeldin A or monensin the conversion of POMC and the 

seci tion of POMC-related products was strongly inhibited (Figure 1A, lanes 3 and 4), 

indicating that these drugs effectively blocked transport of proteins in the secretory 

pathway of these cells. Immunoprecipitation of the radiolabeled proteins with antibodies 

directed against PCI revealed that proPCl conversion occurs soon after its synthesis. 

Following a 30-min pulse, about half of the amount of newly synthesized PCI was al

ready converted from the 88-kDa proform into the mature form of 83 kDa (Figure 1С, 

lane 1). After the 60-mm chase period, either m the absence or presence of brefeldin A 

or monensin, proPCl conversion was almost complete (Figure 1С, lanes 2-4), demonstra

ting that proPCl maturation takes place in the ER. The removal of the prosegment from 

proPC2 occurred at a much lower rate than from proPCl. After a 30-min pulse period, 

only the 75-kDa proform of PC2 was immunoprecipitated (Figure ID, lane 1). A relati

vely small part of proPC2 (-35%) was converted into the mature 69-kDa form after a 

60-min chase period (Figure ID, lane 2). The conversion of proPC2 was completely 

blocked when either brefeldin A or monensin were included in the incubation media 

(Figure ID, lanes 3-4), indicating that proPC2 is cleaved in the later stages of the 

secretory pathway, probably in the fra/u-Golgi network (TGN) or immature secretory 

granules. The delayed maturation of proPC2, as compared to proPCl, has also been 

observed in the secretory pathway of various mammalian neuroendocrine tumor cell lines 

Figure 1. Analysis of the biosynthesis of POMC, PCI, PC2 and 7B2, and the interaction between 7B2 
and PC2 in Xenopus intermediate pituitary. (A) Xenopus intermediate piluitanes were pulse-labeled with 
TranpSJ-label for 30 min (lane 1) or pulse-labeled for 30 mm and chased for 60 min m the absence (lane 
2) or presence of brefeldin A (BFA, lane 3) or monensin (Mon, lane 4) Newly synthesized proteins were 
extracted under denaturing conditions, resolved by SDS-PAGE, visualized by fluorography and the relative 
amount of precursor was quantified by scanning of the autoradiograph (B) as in (A), but newly synthesized 
proteins were extracted under native conditions and immunoprecipitated with anti-PC2 antibodies The 
relative amount of 7B2 bound to PC2 was determined by scanning of the autoradiograph (C) as in (A), 
but newly synthesized proteins were immunoprecipitated with anti-PCI antibodies (D) as in (A), but newly 
synthesized proteins were immunoprecipitated with anti-PC2 antibodies (E) as in (A), but newly 
synthesized proteins were immunoprecipitated with anti-7B2 antibodies Shown are representative results 
of three independent experiments. 
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and in islets of Langerhans (Guest et al., 1992; Benjannet et al., 1993; Lindberg, 1994; 

Milgram and Mains, 1994; Zhou and Mains, 1994). 

To investigate whether 7B2 could be responsible for the late maturation of 

proPC2, the intracellular site of dissociation of the 7B2/proPC2 complex was compared 

to the site of conversion of proPC2. Immunoprecipitation of newly synthesized PC2 from 

Xenopus intermediate pituitaries under native conditions results in coimmunoprecipitation 

of the 25-kDa intact form of 7B2 with PC2 (Braks and Martens, 

1994). Besides 7B2, a 37-kDa newly synthesized protein (presumably POMC) was 

coimmunoprecipitated under these conditions as well. Control antisera also precipitated 

this protein, and thus its appearance is likely the result of non-specific binding (Braks and 

Martens, 1994). During the 30-min pulse a considerable amount of 25-kDa 7B2 was 

found to be coimmunoprecipitated with PC2 and this amount greatly decreased in the 

subsequent 60-min chase period (Figure IB, lanes 1 and 2). During this chase period, 

most of the 7B2 appeared to be processed from the 25-kDa form into the 18-kDa product 

(Figure IE, lanes 1 and 2). No dissociation of the complex between 7B2 and PC2, and 

no cleavage of 25-kDa 7B2 was observed upon treatment of the intermediate pituitary 

cells with brefeldin A (Figures IB and IE, lane 3). With monensin increased levels of 

associated 25-kDa 7B2 were also found, albeit lower than with brefeldin A (Figure IB, 

lane 4). Thus, dissociation of the 7B2/PC2 complex seems to be initiated in a late Golgi 

region and to coincide with the cleavage of 25-kDa 7B2 into the 18-kDa form. Due to 

partial conversion of proPC2 to mature PC2 under the native conditions of the 

coimmunoprecipitation procedure, the ratio between radiolabeled proPC2 and PC2 in 

these precipitates does not reflect the in vivo situation. Therefore, to compare the 

dissociation site of the 7B2/proPC2 complex with the maturation site of proPC2, we 

should consider the results of the PC2 immunoprecipitation experiments with native and 

denatured proteins, respectively (Figures IB and ID). Since after 60 min of chase, in the 

absence or presence of monensin, most of the 7B2/proPC2 complex had dissociated, 

whereas hardly any conversion of proPC2 had occurred, we conclude that release of the 

cleaved form of 7B2 from proPC2 takes place before maturation of the proenzyme. 

Interaction between newly synthesized 7B2 andproPC2 in mouse intermediate pituitary 

To investigate whether newly synthesized 7B2 and proPC2 also interact in mammalian 

neuroendocrine cells, pulse-chase experiments were performed with mouse intermediate 

pituitaries. After a 45-min pulse, extraction of newly synthesized proteins under native 

conditions and immunoprecipitation with anti-PC2 antibodies revealed two PC2-related 
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Figure 2. Transient interaction between newly synthesized proPC2 and 7B2 in mouse intermediate 
pituitary. (A) Mouse intermediate pituitaries were pulse-labeled with Tran[35S]-label for 45 min (lane 1) 
and chased for 45 min (lane 2) or 135 min (lane 3). Newly synthesized proteins were extracted under native 
conditions and immunoprecipitated with anti-PC2 antibodies. Alternatively, pulse-labeling was performed 
for 180 min and newly synthesized proteins were extracted under denaturing conditions followed by im-
munoprecipitation with anti-7B2 antibodies (lane 4). Newly synthesized proteins were resolved by SDS-
PAGE and visualized by fluorography. (B) Mouse intermediate pituitary cells were pulse-labeled for 45 min 
(lane 1) and chased for 135 min (lane 2). Newly synthesized proteins were extracted under denaturing 
conditions and immunoprecipitated with anti-PC2 antibodies. Analysis of the proteins as in (A). (C) as in 
(B), but newly synthesized proteins were immunoprecipitated with anti-7B2 antibodies. 

products with sizes of 76 kDa and 67 kDa. In addition, a newly synthesized protein with 

a molecular mass of 29 kDa was found to be coimmunoprecipitated (Figure 2A, lane 1). 

Precipitation of the 29-kDa protein did not occur under conditions known to disrupt 

7B2/proPC2 complexes in Xenopus intermediate pituitary lysates (data not shown). 

Immunoprecipitation of 7B2 from radiolabeled mouse intermediate pituitaries resulted in 

the precipitation of two proteins with sizes of 29 kDa and 21 kDa (Figure 2A, lane 4). 
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The 29-kDa 7B2 product comigrated with the 29-kDa protein that was coim-

munoprecipitated with PC2 under native conditions, suggesting that also in mouse 

intermediate pituitary, PC2 interacts with the precursor form of 7B2. When the 45-min 

pulse was followed by a 45-min or 135-min chase period, no newly synthesized protein 

was found to be coimmunoprecipitated with PC2 (Figure 2A, lanes 2 and 3). This 

demonstrates that, like in Xenopus intermediate pituitary, the interaction between 7B2 and 

PC2 is transient. To examine the biosynthesis of PC2 and 7B2 in mouse intermediate 

pituitary, immunoprecipitations were performed following extraction of the proteins under 

denaturing conditions. After a 45-min pulse and 135 min chase period, hardly any 

cleavage of newly synthesized proPC2 was observed (Figure 2B), indicating that 

processing of proPC2 occurs at a much lower rate than dissociation of the 7B2/proPC2 

complex. From the pulse-chase experiments it further appeared that the 7B2 precursor is 

cleaved much faster than proPC2 (Figure 2C). Together, we conclude that in mouse 

intermediate pituitary, dissociation of the complex between 7B2 and proPC2 parallels 7B2 

precursor processing, but clearly does not coincide with the maturation of proPC2. As 

previously reported, proPC2 maturation occurs very slow in mammalian tissues (Guest 

et al., 1992; Shen et al., 1993; Zhou and Mains, 1994). Thus, in Xenopus as well as in 

mouse intermediate pituitary cells, 7B2 cleavage and release of the N-terminal processed 

form of 7B2 from proPC2 are not directly linked to conversion of the proenzyme. The 

fate of the C-terminal fragment of 7B2 is not clear yet. 

In vitro effect of recombinant 7B2 on the conversion of newly synthesized Xenopus 

proPC2 

The maturation of proPC2 is thought to be an autocatalytic event (Matthews et al., 1994). 

To examine the effect of recombinant 7B2 proteins on the conversion of proPC2 in vitro, 

Xenopus intermediate pituitaries were pulse-labeled and the extracted proteins were 

incubated at the physiological temperature (22°C) prior to immunoprecipitation of PC2. 

After a 4-h incubation, almost all radiolabeled proPC2 was converted into a protein 

comigrating with the mature, 69-kDa form of PC2 (Figure ЗА, lanes 1 and 2). Proteolytic 

cleavage of other proteins in the lysate was not observed during the incubations (data not 

shown). Since conversion of proPC2 was also observed when immunopurified newly 

synthesized proPC2 was used instead of complete lysates (data not shown), we believe 

that the conversion of proPC2 in our assay is autocatalytic. We then examined whether 

addition of recombinant 7B2 could prevent the in vitro conversion of newly synthesized 

proPC2. When intact recombinant 7B2 (amino acid residues 1-185) was present during 
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Figure 3 . Effects of recombinant 7B2 proteins on the in vitro conversion of newly synthesized Xenopus 
proPC2. (A) Xenopus intermediate pituitary cells were pulse-labeled with Tran[3 5S]-label for 120 min. 
Newly synthesized proteins were directly immunoprecipitated with anti-PC2 antibodies (lane 1) or incuba
ted for 4 h at 22°C in the absence (lane 2) or presence of either recombinant intact 7B2 (amino acid resi
dues 1-185; numbering refers to Martens, 1988) (35) (lane 3) or processed 7B2 (residues 1-151) (lane 4) . 
(B) as in (A), but incubations were performed in the presence of a number of recombinant 7B2 mutant 
proteins. The inhibition of proPC2 conversion by the 7B2 mutants was quantified by scanning of the 
autoradiographs and is presented relative to the inhibition by intact 7B2 (100%). Values are expressed as 
means ± S.E.M. of three independent experiments. The truncated forms of human 7B2 are pNK177 
(residues 1-177), pNF171 (residues 1-171), pNG162 (residues 1-162), processed 7B2 (residues 1-151), 
pNG86 (residues 1-86), pCP93 (residues 93-185) and pCD125 (residues 125-185). 

the incubation of the lysate, the conversion of proPC2 was indeed completely blocked 

(Figure ЗА, lane 3). Addition of the recombinant processed form of 7B2 (residues 1-151) 

did not affect the cleavage of proPC2 (Figure ЗА, lane 4). To identify the region in 7B2 

that is responsible for the inhibitory effect on proPC2 conversion, various deletion 

mutants of 7B2 were tested in the assay and the extent of proPC2 cleavage was quantified 

by scanning of the autoradiographs. The effects of C-terminally truncated forms of 7B2 

(pNF177, residues 1-177; pNK171, residues 1-171; pNG162, residues 1-162; processed 

7B2, residues 1-151 and pNG86, residues 1-86) showed that a segment between amino 

acids 162 and 177 of 7B2 is critical for the inhibition of proPC2 conversion (Figure 3B) 

To examine whether the C-terminal region of 7B2 is sufficient for the inhibitory activity, 

N-terminally truncated forms of 7B2 were tested. Deletion mutants pCP93 (residues 93-

185) and pCD125 (residues 125-185) still had the ability to block proPC2 conversion 

(Figure 3B). Our results show that a small C-terminal region of 7B2 is sufficient for the 

inhibition of proPC2 conversion. Using the same set of mutant 7B2 proteins, this C-

terminal portion of 7B2 was recently found to be also responsible for the inhibitory effect 

on PC2 enzyme activity in vitro (Van Horssen et al., 1995). 
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In conclusion, our results indicate that 7B2 has an important role in the regulation 

of proPC2 maturation. The interaction of the 7B2 precursor with proPC2 in the early 

compartments of the secretory pathway might well prevent premature proPC2 conversion. 

The results from the experiments with Xenopus and mouse intermediate pituitary cells 

revealed that dissociation of the complex between the 7B2 precursor and proPC2 

coincides with 7B2 processing but not with proPC2 cleavage. Possibly, processing of 7B2 

(by PC2 or another protease, e.g. furin) occurs while it is still associated with proPC2. 

Consequently, the N-terminal part of the processed 7B2 protein may be released from 

proPC2, while the small C-terminal portion remains associated. As shown in our in vitro 

proPC2 maturation experiments, a small C-terminal region of 7B2 is capable of inhibiting 

autocatalysis of proPC2. In vivo, the cleaved C-terminal fragment of 7B2 might thus be 

sufficient for keeping proPC2 in its inactive form. Whether such an interaction between 

the C-terminal peptide of 7B2 and proPC2 indeed exists and which factors eventually 

determine the activation of the proenzyme remains to be investigated. 
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SUMMARY 

We previously showed that the neuroendocrine polypeptide 7B2 transiently interacts with 

prohormone convelíase PC2 in the secretory pathway of neuroendocrine cells. Here we 

demonstrate that the processed form of 7B2 (the N-terminal fragment), but not the intact 

form of 7B2, can enhance the in vitro cleavage of newly synthesized prohormone 

proopiomelanocortin (POMC) in lysates of Xenopus intermediate pituitary cells. PC2 is 

presumably the cleavage enzyme involved since intact 7B2 abolishes the enhancing effect 

of processed 7B2 and is known to act as a specific inhibitor of PC2. Furthermore, 

processed 7B2 stimulates in vitro POMC cleavage by immunopurified Xenopus PC2. Our 

results indicate that 7B2 can display chaperone activity towards PC2. 

INTRODUCTION 

The prohormone convertases PCI (also referred to as PC3) and PC2 are responsible for 

proteolytic cleavage of prohormones and neuropeptide precursors at pairs of basic amino 

acids (Seidah and Chrétien, 1992; Steiner et al, 1992). The activity of these subtilisin-

like enzymes in the secretory pathway of neuroendocrine cells is regulated at multiple 

levels. PCI and PC2 exhibit an acidic pH optimum and Ca2+ dependence which limits 

their activity mainly to the rranj-Golgi network (TGN) and the secretory granules 

(Sherman et al., 1991; Jean étal, 1993; Rufaut étal, 1993; Zhou and Lindberg, 1993). 

Furthermore, PCI and PC2 are synthesized as proenzymes and their activation involves 

proteolytic removal of the N-terminal proregion, a process that is thought to be 

autocatalytic (Goodman and Gorman, 1994; Matthews et al., 1994; Shennan et al, 

1995). The conversion of proPCl to PCI has been demonstrated to occur in the en

doplasmic reticulum (ER), soon after its synthesis (Benjannet et al., 1993; Lindberg, 

1994; Milgram and Mains, 1994; Chapter 5). On the other hand, proPC2 matures only 

in the later compartments of the secretory pathway (Shen et al., 1993; Zhou and Mains, 

1994; Chapter 5). The delayed maturation of proPC2 is consistent with the fact that PC2 

is involved in the later steps of prohormone cleavage (Rhodes et al., 1992; Zhou et al., 

1993). 

Recently we proposed that activation of PC2 is regulated by the neuroendocrine 

polypeptide 7B2 (Braks and Martens, 1994). Like PC2, 7B2 is present in the secretory 
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pathway of a wide variety of neural and endocrine cells (Iguchi et al, 1984; Маг-

cinkiewicz et al, 1986; Benjannet étal 1988; Suzuki et al, 1988). 7B2 is synthesized 

as a 25-29-kDa protein that is C-terminally processed in the TGN, resulting in a 18-21-

kDa secretory product (Ayoubi et al, 1990; Paquet et al, 1994). We found that the 

intact form of 7B2 interacts with proPC2 in the ER and Golgi region of Xenopus and 

mouse intermediate pituitary cells (Braks and Martens, 1994; Chapter 5). In these cells, 

PC2 is responsible for the processing of the prohormone proopiomelanocortin (POMC) 

to generate the melanophore stimulating hormone aMSH. Based on its functional charac

teristics and the finding that the N-terminal half of 7B2 is distantly related to members 

of the Hsp60 family of chaperones, 7B2 has been referred to as a molecular chaperone 

(Braks and Martens, 1994). In vitro, the recombinant intact form of 7B2 (and not the 

processed form) inhibits PC2 convertase activity and blocks autocatalytic conversion of 

proPC2 into its mature form (Martens et al, 1994; Chapter 5). These observations 

indicate that 7B2 regulates PC2 activity in neuroendocrine cells by preventing premature 

proPC2 conversion. Here we report that the N-terminal processed form of 7B2 enhances 

in vitro cleavage of newly synthesized POMC by Xenopus PC2. 

EXPERIMENTAL PROCEDURES 

Animals 

South-African clawed toads Xenopus laevis were bred and reared in the aquarium facility 

of the University of Nijmegen (The Netherlands). Animals were adapted to a black 

background under constant illumination at 22°C for at least two weeks. 

Recombinant 7B2 proteins 

The prokaryotic expression constructs encoding normal and mutated forms of 7B2 were 

generated with synthetic primers and PCR (Van Horssen et al, 1995). Production and 

purification of the recombinant proteins was performed as described previously (Martens 

et al, 1994). Recombinant intact 7B2 (amino acid residues 1-185; numbering refers to 

Martens, 1988), processed 7B2 (residues 1-151), the C-terminally truncated 7B2-mutants 

pNK171 (1-171), pNF177 (1-177), pNG162 (1-162), pNP131 (1-131), andpNG86 (1-86), 

and the N-terminally truncated 7B2 mutants pCP93 (93-185) and pCD125 (125-185) were 

used in the present study. 
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Radiolabeüng of Xenopus intermediate pituitaries and preparation of tissue lysates 

Intermediate pituitaries were dissected from black-adapted Xenopus laevis and radiola

beled with Tran[35S] label (ICN Radiochemicals) as described previously (Braks and Mar

tens, 1994). Pulse labeling was performed for 2 h in the presence of brefeldin A (2.5 

μg/ml, Sigma) and the pituitaries were homogenized in lysis buffer (10 mM Hepes, pH 

7.2; 140 mM NaCl; 0.1% (v/v) Triton X-100; 0.1% (w/v) sodium deoxycholate; 1% 

(v/v) Tween-20; 1 mM EDTA; 1 mM phenylmethylsulfonylfluoride; 0.1 mg/ml soybean 

trypsin inhibitor). The lysates were cleared by centrifugation (10,000 χ g, 7 min). 

Immunopurifìcatìon of Xenopus PC2 

Intermediate pituitaries of black-adapted Xenopus were dissected, homogenized in lysis 

buffer containing 2 mM EDTA and cleared by centrifugation. Polyclonal anti-PC2 antise

rum (4BF; Shen et al., 1993, kindly provided by Dr. Iris Lindberg, New Orleans, LA, 

U.S.A.) was added and incubation was performed for 2 h at 4°C. Immune complexes 

were collected with protein A-Sepharose and the precipitates were rinsed three times in 

lysis buffer with 2 mM EDTA and once in lysis buffer without EDTA. Immunopurified 

PC2 was used when still attached to protein A-Sepharose. 

POMC cleavage experiments 

For POMC cleavage experiments, radiolabeled Xenopus intermediate pituitary lysate was 

diluted 15 times in assay buffer (50 mM MES, pH 6.4; 140 mM NaCl; 3 mM Ca2+; 

0.02% (w/v) bovine serum albumin). Samples (30 μΐ, equivalents of -0.05 intermediate 

pituitary) were incubated for the indicated periods of time (usually 4h) at 24°C in the 

presence or absence of 0.5 μg recombinant 7B2 (—ΙμΜ final concentration, unless 

otherwise indicated). In some experiments, ACTH139 (2.5 μg) or EDTA (5 mM final 

concentration) was present during the incubations. Reactions were stopped by adding 

Laemmli buffer (Laemmli, 1970) and samples were analyzed by SDS-PAGE. When 

newly synthesized intermediate pituitary proteins were used as a source of radiolabeled 

POMC, the lysates were heated for 5 min at 90CC. The sample was diluted in assay 

buffer as described for the non-heated lysate and incubations were performed at 24°C in 

the presence or absence of recombinant 7B2 for 4h. In some experiments, non-radio-

labeled tissue lysate (equivalents of —0.15 Xenopus or mouse intermediate or anterior 

pituitary), prepared by homogenization in lysis buffer, or immunopurified PC2 (purified 

from an equivalent of —0.4 intermediate pituitary) was present during the incubation. 
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RESULTS 

Effect of recombinant 7B2 on POMC conversion in Xenopus intermediate pituitary 

lysate 

After pulse labeling of Xenopus intermediate pituitaries with Tran[35S] label, the main 

radiolabeled protein in the tissue lysate is the prohormone POMC. When a fresh 

radiolabeled lysate was incubated at 24°C under conditions corresponding to the TGN 

(pH 6.4/3mM Ca2+), only a small amount of 37-kDa newly synthesized POMC was 

converted to lower molecular weight products of 30 kDa and 19-20 kDa (Figure 1 A, lane 

1). However, when the recombinant processed form of 7B2 (residues 1-151, ~ 1 μΜ) 

was present during the in vitro incubation, 37-kDa POMC largely disappeared and was 

mainly converted into a 19-20 kDa protein. In addition, the 30-kDa protein and a series 

of proteins with sizes between 13 and 18 kDa were generated (Figure 1A, lane 2). Other 

radiolabeled proteins were not affected during the incubations. In the presence of 10 times 

less processed 7B2 ( ~ 100 nM) POMC cleavage was still enhanced, although to a lesser 

extent (-30%) (Figure 1A, lane 3). No stimulation of POMC conversion was observed 

using —10 nM of processed 7B2 (Figure 1 A, lane 4). 

Similar experiments were performed using the recombinant intact form of 7B2 

(residues 1-185) instead of the processed form. Intact 7B2 has been shown to act as a 

specific inhibitor of prohormone convertase PC2 in an in vitro enzyme assay (Martens 

et al., 1994). Incubation of the lysate in the presence of intact 7B2 (—1 μΜ) inhibited 

rather than enhanced POMC conversion, since virtually no 30-kDa and 19-kDa products 

were formed (Figure 1A, lane 5). A 10-fold lower concentration of intact 7B2 (~100 

nM) still prevented POMC cleavage (Figure 1A, lane 6). Incubation of the lysate in the 

presence of both processed and intact 7B2 (both at - 1 μΜ) also led to a complete block 

of POMC conversion, indicating that the intact form of 7B2 can abolish the stimulating 

effect of the processed form (Figure 1 A, lane 8). Even when processed 7B2 was present 

in a 10-fold excess to intact 7B2, the conversion was completely blocked (Figure 1 A, lane 

9). 

Cleavage of POMC in the presence of the processed form of 7B2 was partially 

blocked by EDTA (Figure 1A, lane 11), an agent known to inhibit many proteolytic 

enzymes, including PC2 (Shennan et al., 1991). Boiling of processed 7B2 did not affect 

its potency to enhance POMC cleavage (Figure 1A, lane 12), indicating that 7B2 is heat-

resistant. To examine whether POMC was cleaved at pairs of basic amino acids, synthetic 
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Figure 1. Effects of recombinant 7B2 proteins on POMC cleavage in Xenopus intermediate pituitary 
lysates. Newly synthesized proteins produced by Xenopus intermediate pituitaries were incubated for 4 h 
at 24°C (pH 6.4, 3 mM Ca2+) and analyzed by SDS-PAGE. (A) Incubations were performed in the absence 
of 7B2 (lane 1) or in the presence of 1 μΜ (lane 2), 0.1 μΜ (lane 3), 0.01 μΜ (lane 4) recombinant 
processed 7B2 (p7B2, residues 1-151), in the presence of 1 μΜ (lane 5), 0.1 μΜ (lane 6), 0.01 μΜ (lane 
7) recombinant intact 7B2 (І7В2, residues 1-185), or in the presence of both 1 μΜ p7B2 and 1 μΜ (lane 
8), 0.1 μΜ (lane 9), 0.01 μΜ (lane 10) І7В2. In addition, incubations were performed in the presence of 
1 μΜ p7B2 and 5mM EDTA (lane 11), 1 μΜ heated p7B2, 0.1 μ%Ιμ\ ACTH in the absence (lane 13) or 
presence (lane 14) of 1 μΜ p7B2. (B) Lysates were not incubated (lane 1), incubated in the absence of 7B2 
(lane 2), in the presence of І7В2 (lane 3), or in the presence of recombinant truncated forms of 7B2, 
pNF177 (residues 1-177; lane 4), pNK171 (residues 1-171; lane 5), pNG162 (lane 6), p7B2 (lane 7), 
pNG86 (residues 1-86; lane 8), pCP93 (residues 93-185; lane 9), or pCD125 (residues 125-185; lane 10). 

ACTH was included during the incubations. The dibasic-site containing ACTH peptide 

served as a competing substrate for POMC and inhibited 7B2-enhanced POMC 

conversion (Figure 1A, lanes 13-14). 

Subsequently, we examined the effects of a number of mutant forms of 

recombinant 7B2 on POMC conversion. The C-terminally truncated 7B2 mutant pNF177 

(residues 1-177) and the N-terminally truncated 7B2 mutants pCP93 (residues 93-185) and 

pCD125 (residues 125-185) inhibited POMC cleavage to a degree similar to that of intact 

7B2 (Figure IB, lanes 3-4, 9-10). On the contrary, mutants pNK171 (residues 1-171), 
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pNG162 (residues 1-162), and the short mutant pNG86 (residues 1-86) hardly affected 

POMC conversion (Figure IB, lanes 5, 6 and 8). 7B2 mutant pNP131 (residues 1-131) 

was the only mutant having an enhancing effect on POMC cleavage similar to that of pro

cessed 7B2 (Figure IB, lane 7 and data not shown). The experiments with the mutants 

show that the C-terminal region of 7B2 is able to inhibit POMC conversion, whereas an 

N-terminal fragment lacking this region can stimulate POMC cleavage activity in the 

lysate. 

Analysis of POMC conversion 

A time course of 7B2-mediated POMC conversion in the Xenopus intermediate pituitary 

lysate shows a gradual decrease in the amount of 37-kDa POMC and the appearance of 

a set of smaller proteins (Figure 2A). Proteins with sizes of 30 kDa, 19 kDa, 17 and 16 

kDa were detected after 15 min of incubation (Figure 2A, lane 3). The 30-kDa protein 

gradually disappeared after longer incubations and was completely converted after 4 hours 

(Figure 2A, lane 5). After 20 h of incubation, the 19-kDa protein was still present but 

the amount of the 17-kDa and 16-kDa proteins had strongly decreased and a set of 

additional proteins ranging in size from 10 to 15 kDa were generated (Figure 2A, lane 

6). After 4 h of incubation in the absence of processed 7B2, hardly any POMC 

conversion had occurred (see Figure 1A, lane 2). When the lysate was incubated at 24°C 

for 1 h before the addition of processed 7B2, POMC was cleaved to the same extent as 

without the preincubation step (data not shown). This indicates that under the assay 

conditions the potency of 7B2 to stimulate POMC cleavage is not affected for at least 1 

h. The POMC-derived proteins produced in vivo are slightly larger (~ 1-2 kDa) than the 

in vitro generated cleavage products (Figure 2B, lanes 1 and 3), presumably as a result 

of additional in vivo processing through carboxypeptidases. 

Effect of recombinant 7B2 on POMC conversion by different tissue lysates and by 

immunopurified Xenopus PC2 

POMC converting activity in the Xenopus intermediate pituitary lysate was irreversibly 

blocked by heating the lysate for 5 min at 90°C (Figure 3, lane 1). Addition of only 

processed 7B2 to the heat-treated lysate did not result in prohormone conversion (Figure 

3, lane 2), showing that 7B2 itself is not able to cleave POMC. We therefore could use 

the heat-treated lysate to test POMC cleavage activity in other tissue ly sates. Addition of 

fresh, unlabeled Xenopus intermediate pituitary lysate to the heat-treated radiolabeled 
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Figure 2. Analysis of the effect of processed 7B2 on POMC conversion in Xenopus intermediate 
pituitary lysates. (A) Time course of POMC conversion. Newly synthesized proteins produced by Xenopus 
intermediate pituitaries were extracted (lane 1) and incubated for 0 min (lane 2), 15 min (lane 3), 1 h (lane 
4), 4 h (lane 5), or 20 h (lane 6) at 24°C (pH 6.4, 3 mM Ca2+) in the presence of 1 μΜ processed 7B2 
(p7B2) and analyzed by SDS-PAGE. (B) POMC cleavage products generated in vivo and in vitro. Newly 
synthesized proteins produced by Xenopus intermediate pituitaries after a 2-h pulse were extracted and 
analyzed by SDS-PAGE (lane 1). Newly synthesized proteins from brefeldin-A-treated pituitaries were 
extracted and directly analyzed (lane 2) or incubated for 4 h at 24°C (pH 6.4, 3 mM Ca2*) in the presence 
of 1 μΜ p7B2 (lane 3). Lane 4, molecular weight marker proteins. 

proteins, led to some conversion of POMC (Figure 3, lane 3). This conversion was 

greatly enhanced by processed 7B2 (Figure 3, lane 4) and completely blocked by intact 

7B2 (Figure 3, lane 5). Similar results were obtained when Xenopus anterior pituitary 

lysate was used instead of intermediate pituitary lysate (data not shown). Incubations of 

lysates of Xenopus brain or heart with the heat-treated radiolabeled lysate did not lead to 
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Figure 3. Effect of processed and intact 7B2 on 
POMC conversion by different lysates and im-
munopurified Xenopus PC2. Newly synthesized 
proteins produced by Xenopus intermediate 
pituitaries were heat-treated (5 min, 90°C) and 
incubated for 4 h at 24°C (pH 6.4, 3 mM Ca2+) 
in the absence (lane 1) or presence (lane 2) of 
processed 7B2 (p7B2), with fresh non-labeled 
lysate of Xenopus intermediate pituitaries in the 
absence (lane 3) or presence of 1 μΜ p7B2 (lane 
4) or intact 7B2 (І7В2, lane 5), with lysates of 
mouse intermediate pituitaries in the absence (lane 
6) or presence of 1 μΜ p7B2 (lane 7) or І7В2 
(lane 8), and with immunopurifted Xenopus PC2 
in the absence (lane 9) or presence of 1 μΜ p7B2 
(lane 10) or 1 μΜ І7В2 (lane 11). Proteins were 
analyzed by SDS-PAGE. 

any POMC conversion (data not shown). Together, these results indicate that the enzyme 

responsible for POMC cleavage is enriched in Xenopus pituitary. 

To examine whether neuroendocrine lysates from other species also possess 7B2-

inducible POMC cleavage activity, mouse intermediate pituitary lysate was added to the 

heat-treated radiolabeled Xenopus lysate. In the presence as well as in the absence of 

processed 7B2, considerable conversion of POMC occurred (Figure 3, lanes 6 and 7). 

This conversion could be blocked by intact 7B2 (Figure 3, lane 8). When diluted mouse 

lysate was used, the extent of POMC cleavage was less, but also under these conditions 

no enhancing effect by processed 7B2 was observed (data not shown). Thus, the effect 

of processed 7B2 on prohormone cleavage appeared to be species specific. 

To show that PC2 represents the POMC-cleaving enzyme in these experiments, 

PC2 was immunopurified from Xenopus intermediate pituitaries and the immunoisolated 

PC2 was incubated with heat-treated radiolabeled lysate. Addition of purified PC2 alone 

did not result in POMC conversion (Figure 3, lane 9) but when processed 7B2 was 

included, POMC was partially cleaved into smaller products with the same sizes as those 

produced with the intermediate pituitary lysate (Figure 3, lane 10). 
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DISCUSSION 

In the present study, we investigated the effect of recombinant 7B2 on the in vitro 

processing of POMC. The intact form and several mutants of 7B2 (i.e. pNF177, pCP93 

and pCD125) blocked POMC conversion; these 7B2 forms have previously been 

demonstrated to act as specific inhibitors of PC2 activity in in vitro enzyme assays 

(Martens et al., 1994; Van Horssen et al., 1995). Surprisingly, the processed form of 

7B2 had a strong enhancing effect on POMC cleavage and caused conversion of newly 

synthesized 37-kDa POMC into a number of 10-30 kDa proteins in a dose-dependent 

manner. Incubations with truncated forms of 7B2 revealed that a region between residues 

86 and 131 is critical for the enhancing effect and that the presence of the 7B2 region bet

ween residues 151 and 162 abolishes the ability of 7B2 to enhance POMC processing. 

The experiments with heat-treated lysate indicate that not 7B2 itself, but a 

component of the intermediate pituitary lysate is responsible for POMC cleavage. Several 

observations suggest that the responsible component in the lysate is the prohormone 

convertase PC2. First, the PC2-blocking agent EDTA and the PC2 substrate ACTH had 

an inhibitory effect on the enhanced POMC conversion. Second, only lysates of tissues 

that are known to produce considerable amounts of PC2, like Xenopus intermediate and 

anterior pituitaries, showed 7B2-inducible POMC processing. Third, the enhanced con

version of POMC by processed 7B2 was completely abolished when intact 7B2, a specific 

PC2-inhibitor, was present during the incubation. Fourth, in the presence of processed 

7B2, immunopurified Xenopus PC2 was able to cleave newly synthesized POMC. 

Since 7B2 is known to interact with PC2 and not with POMC (Braks and Martens, 

1994), the enhancing effect of processed 7B2 on POMC conversion presumably results 

from activation of PC2 rather than an effect on POMC. Processed 7B2 was found to 

enhance POMC cleavage in Xenopus, but not in mouse pituitary lysate, indicating that the 

characteristics of PC2 differ between the two species. Possibly, in mouse intermediate 

pituitary lysate, PC2 is already present in an active form, whereas in the Xenopus lysate 

the enzyme is virtually inactive and apparently needs processed 7B2 to become active. 

Also in our in vitro enzyme assays, processed 7B2 did not have any effect on mouse or 

rat PC2 activity (Martens et al, 1994; Van Horssen et al., 1995). 

Concerning the mechanism underlying the effect of processed 7B2 on POMC 

processing by Xenopus PC2, several possibilities should be considered. The N-terminal 

half of 7B2 (amino acids 1-95) has been shown to be distantly related to a region in the 
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Hsp60 class of molecular chaperones (Braks and Martens, 1994). Ibis part of 7B2 might 

be involved in protein-protein interactions and as such it may affect the conformation of 

its substrate PC2. In the Xenopus lysate, PC2 may be present in a misfolded state or as 

a folding intermediate, and processed 7B2 may then assist in its proper folding. Another 

possibility is that Xenopus PC2 tends to aggregate in the calcium-containing assay buffer 

and that 7B2 is able to hold PC2 in an active conformation. The enhancing effect of 

processed 7B2 on PC2 activity could also arise from an interaction of 7B2 with the 

proregion of PC2 rather than with the mature enzyme. For the propeptides of subtilisin 

and α-lytic protease it has been shown that they can function as strong competitive 

inhibitors of their respective enzymes, even when they are not covalently attached (Zhu 

et al., 1989; Baker et al., 1992). If the proregion of PC2 has a similar effect, release of 

the propeptide from the mature enzyme is required for its activation. The enhancing effect 

of processed 7B2 on PC2 activity may then be explained by binding of 7B2 to the 

propeptide of PC2, thus removing this inhibitory domain from the enzyme. Using an in 

vitro binding assay, we previously showed that processed 7B2 associates with proPC2, 

but not with mature PC2 (Braks and Martens, 1994), indicating that processed 7B2 is 

indeed able to interact with the proregion of proPC2. Interestingly, Zhu and Lindberg 

(1995) recently demonstrated that the processed form of 7B2 facilitates production of 

enzymatically active PC2 in transfected cell lines. Collectively, the results indicate that 

the N-terminal portion of 7B2 might well act as a chaperone for PC2. 
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SUMMARY 

The neuroendocrine chaperone 7B2 is known to interact with the subtilisin-like 

prohormone convertase PC2 in the secretory pathway of intermediate pituitary cells. In 

this study we examined whether 7B2 can also interact with the PC2-related prohormone 

convertase PCI or with the prohormone proopiomelanocortin (POMC) in the mouse 

anterior pituitary cell line AtT20. Stable transfections of AtT20 cells with 7B2 cDNA 

constructs resulted in a cell line producing 7B2 in an —20-fold excess to wild type 

AtT20. No association between newly synthesized 7B2 and PCI was found in normal or 

7B2-overproducing AtT20 cells. Furthermore, overexpressed 7B2 did not affect the 

biosynthesis of PCI and had no effect on POMC processing or ACTH secretion. We 

conclude that 7B2 does not interact with PCI or POMC and thus might be a molecular 

chaperone specific for PC2 in neuroendocrine cells. 

INTRODUCTION 

Most peptide hormones and neuropeptides are initially synthesized as inactive precursor 

molecules that undergo proteolytic cleavage to generate the biologically active products 

(Douglass et al., 1984). Prohormone cleavage at pairs of basic amino acid residues is 

mainly the result of the activity of two prohormone convertases, named PCI (also 

referred to as PC3) and PC2 (Steiner et al., 1992; Seidah and Chrétien, 1994). PCI and 

PC2 are both synthesized as inactive zymogens that are cleaved at their N-terminal site 

to produce the active enzyme (Steiner et al., 1992). Recently we demonstrated that in the 

intermediate pituitary of Xenopus and mouse, the precursor for PC2 is associated with 

the 25-29-kDa neuroendocrine polypeptide 7B2 during its transit through the early com

partments of the secretory pathway (Braks and Martens, 1994; Chapter 5). After cleavage 

of 7B2 in the TGN, the complex between the 18-21-kDa processed form of 7B2 and 

proPC2 dissociates. Based on its structural similarity with the Hsp60-family of 

chaperones and its transient interaction with proPC2 we suggested that 7B2 functions as 

a molecular chaperone (Braks and Martens, 1994). In vitro, recombinant intact 7B2 

strongly inhibits PC2 enzyme activity and, in addition, blocks the autocatalytic conversion 

of proPC2 (Martens et al., 1994; Chapter 5). The recombinant processed form of 7B2 

appeared to enhance in vitro POMC cleavage by PC2 (Braks and Martens, 1995). 

Together, our results led to the suggestion that 7B2 might be involved in the prevention 
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of premature PC2 activation in the secretory pathway. 

Thus far, we studied the role of 7B2 only in Xenopus and mouse intermediate 

pituitaries. In these cells, the level of PCI is much lower than of PC2 and therefore it 

was hard to establish whether 7B2, besides with PC2, also interacts with PCI. PCI and 

PC2 exhibit an overall sequence identity of ~46% and an identity of ~57% within their 

catalytic regions (Körner et al., 1991b; Steiner et al., 1992). Furthermore, in our 

previous immunoprecipitation experiments with intermediate pituitaries, aspecific binding 

of the the prohormone proopiomelanocortin (POMC) was frequently observed (Braks and 

Martens, 1994, Chapter 5). The existence of an interaction between 7B2 and POMC 

could therefore not be excluded. In this study, we used the mouse anterior pituitary cell 

line AtT20 to investigate a possible involvement of 7B2 in the biosynthesis of PCI and 

POMC. PCI is the predominant prohormone convertase in this cell line and is involved 

in the processing of POMC to adrenocorticotropic hormone (ACTH) (Benjannet et al., 

1991; Thomas étal., 1991). 7B2 is endogenously expressed in AtT20 cells (Vieau et al., 

1991) and we attempted to manipulate its levels by transfection of sense and antisense 

7B2 cDNA constructs. We examined whether 7B2 was associated with PCI in these cells 

and analyzed the effects of overexpressed 7B2 on the biosynthesis of PCI. Finally, 

POMC processing and ACTH production and secretion was compared in normal and 7B2-

overproducing AtT20 cells. 

EXPERIMENTAL PROCEDURES 

Plasmid constructions 

A eukaryotic expression plasmid for 7B2 was constructed by subcloning of a 0.8-kb Kpnl-

SaH human 7B2 cDNA fragment encoding the entire protein region of human 7B2 

(Martens, 1988) behind a Rous sarcoma virus (RSV) promoter in the Kpnl/Xhol sites of 

the pECV5.Xhol vector (Belt et al., 1989), resulting in expression plasmid pECV.7B2. 

For the expression of antisense RNA, a 0.35-kb cDNA fragment (Kpril-Kpnl) encoding 

the 5' end of human 7B2 mRNA was ligated in reversed orientation (3'-5') behind the 

RSV-promoter in the Kpril site of the pECW5.Xhol vector resulting in plasmid 

pECV.as7B2. Plasmid DNA was isolated using the Qiagen plasmid kit (Qiagen, 

Chatsworth, USA) and used in electroporation experiments. 
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Cell culture and DNA transfections 

AtT20 cells were grown in Dulbecco's Modified Eagle Medium (DMEM) (Gibco) 

supplemented with 10% fetal calf serum (FCS) (Gibco), 2 mM L-glutamine, 1 mM 

sodium pyruvate, penicillin (100 U/ml) and streptomycin (100 ¿tg/ml). Cells were 

maintained at 37CC in an atmosphere of 5% C02. For stable transfections, pECV5.Xhol-

derived expression plasmids (6 μg/ml) were introduced into AtT20 cells (107 cells/ml 

PBS) by electroporation (Iseo Electroporesis Power Supply). For selection of the 

transfected cells, hygromycin (Boehringer, Mannheim) was added to the culture medium 

at a concentration of 80 ^g/ml starting 48 hours after electroporation. After two weeks 

of selection individual clones were isolated and grown for screening purposes. 

Incubation of antisense oligonucleotides 

The sequence of the oligonucleotide used in the antisense incubations was the 16-mer 5'-

CCAGCCTTGAGGCCAT-3' which is complementary to the sailing methionine codon 

and part of the signal peptide-coding region of mouse 7B2 mRNA (see Mbikay et al., 

1989). As a control, a 17-mer complementary to the 5' end of the protein-coding region 

of Xenopus laevis 7B2 mRNA (see Chapter 1) (5'-GCTGAATACATGCCCAT-3') was 

used. The incubations were performed in DMEM containing 2% FCS and 10-60 μΜ 

oligonucleotides for at least 4 hours. 

Northern blot analysis 

Total RNA was isolated from transfected AtT20 cells according to the acid guanidinium 

thiocyanate procedure of Chomczynski and Sacchi (1987). For Northern blot analysis, 

RNA was size separated by electrophoresis on a 1 % agarose-2.2 M formaldehyde gel and 

transferred to a nitrocellulose filter which subsequently was hybridized with a nick-trans

lated cDNA-fragment of human 7B2 using standard conditions (50% formamide, 42°C). 

Western blot analysis 

Transfected AtT20 cells were extracted in sample buffer (62.5 mM Tris/HCl, pH 6.8, 

2% SDS, 10% glycerol, 0.01% Bromophenol Blue, 5% ß-mercaptoethanol), boiled for 

5 min and loaded on a 15% SDS Polyacrylamide gel (Laemmli, 1970). Approximately 

0.8xl06 cells were loaded per lane. The gel was electroblotted and immunodetection was 

performed using the ECL detection procedure (Amersham International, Bucks., U.K.). 

Antibody incubation was performed with a mixture (1:800 dilution each) of the mono

clonal anti-7B2 antibodies MON102 and MON144 (Van Duijnhoven et ai, 1991). 
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Metabolic cell labeling and immunoprecipitations 

Subconfluent cultures of AtT20 cells were starved in methionine- and cysteine-free 

DMEM supplemented with 10% dialyzed fetal calf serum (FCS) (Gibco) for at least 1 h. 

The cells were labeled in the same medium with 0.4 mCi/ml TranJ5S label (ICN 

Radiochemicals) for the indicated time periods. Chase incubations were performed in 

complete medium in the absence of label for the times indicated. In some experiments 5 

mM 8-Br-cAMP (Sigma) was present during the chase. For immunoprecipitation of newly 

synthesized 7B2 under denaturing conditions, cells were homogenized in lysis buffer A 

(20 mM triethanolamine, pH 7.8; 140 mM NaCl; 0.1% deoxycholate; 0.5% SDS, 0.5% 

Triton X-100, 5 mM EDTA, 5 mM DTT; 1 mM PMSF; 0.1 mg/ml soybean trypsin 

inhibitor). The lysates were cleared by centrifugation at 10,000 χ g for 7 min. The 

supernatant was diluted five times in immunoprecipitation buffer (20 mM triethanolamine, 

pH 7.8; 140 mM NaCl; 0.1% deoxycholate) before addition of the antibodies. For the 

immunoprecipitation of PCI, cells were homogenized in lysis buffer В (50 mM Hepes, 

pH 7.2; 140 mM NaCl; 0.1% Triton X-100; 1% Tween-20; 0.1% deoxycholate; 0.5% 

SDS; 5 mM EDTA; 1 mM PMSF; 0.1 mg/ml soybean trypsin inhibitor). Cell lysates 

were cleared by centrifugation and diluted 5 times in lysis buffer В without SDS before 

addition of the anti-PCl antibodies. For coimmunoprecipitation studies, homogenization 

and immunoprecipitation were performed in lysis buffer В without SDS or EDTA. For 

crosslinking studies, pulse labeled cells were incubated in PBS containing 1 mM DSP 

(Sigma) for 30 min at 4°C, before lysis and immunoprecipitation under denaturing 

conditions. Immunoprecipitation of proteins from culture media was performed by 

directly adding antibodies to the cleared media. Immunoprecipitations were performed 

using polyclonal antiserum against PCI (2B6; Vindrola and Lindberg, 1992) or against 

ACTH1"2'' (G. J. J. M. Van Eys, unpublished) or with the anti-7B2 monoclonal antibodies 

MON-100, MON-102 and MON144 (Van Duijnhoven et al., 1991). The immune 

complexes were precipitated using protein A Sepharose. Immunoprecipitates were sub

jected to 12,5% SDS Polyacrylamide gels according to Laemmli (1970). Radiolabeled 

proteins were detected by fluorography. 

ACTH radioimmunoassays 

Subconfluent cultures of normal and 7B2-overproducing AtT20 cells were incubated in 

serum-free DMEM containing 2 mg/ml BSA for 3 h. Culture media were collected and 

cleared by centrifugation (5,000 χ g, 20 min). To prepare AtT20 cells for ACTH-

radioimmunoassay analysis, monolayers were rinsed 3 times with cold PBS and then 
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lysed in ice-cold 5 N acetic acid solution containing 1 mM PMSF and 0.1 mg/ml trypsin 

inhibitor. Lysates were heated for 5 min at 100eC. The collected cell homogenates 

underwent three freeze-thawing cycles, the cell debris was removed by centrirugation 

(10,000 χ g, 10 min) and the supematants were lyophilized. ACTH levels in the cell and 

media samples were measured by an ACTH radioimmunoassay as described previously 

(Sweep et al., 1992). 

RESULTS AND DISCUSSION 

Expression of 7B2 sense and antisense cDNAs in AtT20 cells 

To investigate the role of 7B2 in AtT20 cells, we attempted to manipulate the levels of 

7B2 in these cells by transfections of 7B2 sense or antisense cDNA constructs. The stable 

AtT20 cell lines 21a, 22-la and 25-la were selected for further study. Clone 21a resulted 

from transfection of AtT20-cells with the empty expression vector and was used as a 

control. Clones 22-la and 25-la were the result of transfection of construct pECV.7B2 

(encoding the complete human 7B2 protein) and pECV.as7B2 (encoding antisense 7B2 

RNA), respectively. Northern blot and densitometric scanning analysis revealed that 22-

la cells produce -23 times more 7B2 mRNA (—1.1 kb) than 21a cells (Figure 1 A, lanes 

1 and 2). 25-la cells appeared to synthesize 7B2 antisense transcripts of the expected size 

with an —15 times excess to the endogenous amount of 7B2 mRNA (Figure 1 A, lane 3). 

To examine whether the 7B2 protein levels were affected in these cells by overexpressing 

7B2 sense and antisense transcripts, Western blotting was performed. In 22-la cells, the 

amount of 7B2 appeared to be —20 times higher than in control cells (Figure IB, lanes 

1 and 2). Overproduction of 7B2 in the 22-la cells was also demonstrated by immuno-

precipitation of newly synthesized proteins with anti-7B2 antibodies. In the cell lysate of 

22-la, but not of 21a, the 29-kDa and 21-kDa forms of 7B2 were detected (Figure 1С, 

lanes 1 and 2). 7B2-related proteins with sizes between 20 and 21 kDa were secreted 

from 21a and 22-la cells (Figure 1С, lanes 4 and 5). A form of 7B2 with a size of ~20 

kDa was present in excess ( — 20 fold) in the culture medium of 22-la cells as compared 

to 21a cells. In the antisense 25-la cells, the amount of immunoreactive 7B2 appeared 

to be identical to that in the 21a cells (Figure IB, lane 1 and 3), indicating that the 

production of 7B2 was not blocked by the antisense 7B2 RNA transcripts. This 

observation was confirmed by immunoprecipitation studies, showing equal quantities of 

newly synthesized 7B2 in the media of 21a and 25-la cells (Figure 1С, lanes 4 and 6). 
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Figure 1. Expression of 7B2 sense and a ut ¡sense cDNAs in AtT20 cells. AtT20 cells were transfected 
with expression vectors pECV5.Xhol (empty), pECV.7B2 (containing human human 7B2 cDNA in sense 
orientation) and pECV.as7B2 (containing human 7B2 cDNA in antisense orientation), resulting in the stable 
cell lines 21a, 22-la and 25-la, respectively. (A) Northern blot analysis. Total RNA (10 /ig) of the 
transfected cell lines was fractionated on a denaturing agarose gel, blotted to nitrocellulose and hybridized 
with a [a-32P)dATP-labeled human 7B2 cDNA probe. (B) Western blot analysis. Cell extracts were 
fractionated by SDS-PAGE and transferred to nitrocellulose. Detection was performed using anti-7B2 
monoclonal antibodies. (C) Immunoprecipitation analysis. Transfected cell lines were pulse labeled for 5 
h with Tran-35S label. Newly synthesized proteins from cell extracts and culture media were 
immunoprecipitated with anti-7B2 monoclonal antibodies. Immune complexes were resolved by SDS-PAGE 
and visualized by fluorography. 

Analysis of a number of other AtT20 clones expressing antisense 7B2 RNA revealed that 

in neither of these clones 7B2 protein synthesis was reduced. An explanation of our 

results might be that the human 7B2 antisense transcripts were not able to form stable 

hybrids with mouse 7B2 mRNAs because of imperfect matching. Although 7B2 is 

strongly conserved among mammalian species, the signal peptide regions are rather 

divergent. For efficient inhibition of protein synthesis by antisense transcripts, the region 

around the translation start site is thought to be important (Hélène and Toulmé, 1990). 

Another possibility is that the excess of antisense transcripts is not large enough for 

efficient inhibition of 7B2 expression. Because of unknown reasons, attempts to lower 

7B2 production in AtT20 cells by the addition of antisense oligonucleotides directed 

against mouse 7B2 were also not successful (data not shown). Hence, antisense cDNA 

transfection did not lead to AtT20 cells with decreased levels of 7B2 protein, in spite of 

a high production of antisense 7B2 transcripts, but transfection of 7B2 sense cDNA 

constructs into AtT20 cells resulted in a cell line overexpressing 7B2 at the mRNA and 

protein levels. 
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Overexpressed 7B2 is correctly processed and directed to the regulated secretory 

pathway in AtT20 cells 

In recombinant vaccinia virus-infected AtT20 cells and mouse intermediate pituitary cells, 

7B2 is known to be synthesized as a 29-kDa protein that is cleaved at its C-terminus, 

resulting in a secretory 21-kDa product (Paquet et al., 1991b, 1994; Chapter 5). In line 

with this, immunoprecipitation of newly synthesized proteins from 21a cells with anti-7B2 

antibodies resulted in 7B2-related proteins of 29 kDa and 20-21 kDa (Figure 2A, lane 1). 

In 22-la cells, 7B2 is clearly overproduced and the 29-kDa and 21-kDa forms only 

slightly differ in sizes from the endogenously produced 7B2 forms (Figure 2A, lane 2). 

Immunoprecipitation of the proteins in the presence of excess recombinant 7B2 prevented 

the precipitation of the newly synthesized 29-kDa and 21-kDa proteins (Figure 2A, lane 

3), indicating that these products are indeed related to 7B2. 

In normal neuroendocrine tissues, 7B2 is present in the regulated secretory 

pathway (Marcinkiwicz et al, 1986; Benjannet et al, 1988; Ayoubi et al, 1990). To 

check whether 7B2 is correctly sorted to this pathway in normal and 7B2-overproducing 

AtT20 cells, 21a and 22-la cells were labeled and secretion of newly synthesized 7B2 

was examined. Both cell lines secreted a considerable amount of radiolabeled 7B2 during 

the 2-h pulse period (Figure 2B, lanes 1 and 6). The amount of secreted 7B2 rapidly 

decreased in two successive 1-h chase periods (Figure 2B, lanes 2 and 3, 7 and 8). In 

both cells, addition of 8-Br-cAMP, which is known to stimulate release of proteins stored 

in regulated secretory vesicles, resulted in a clear increase (2 to 3 times) of secreted 7B2 

in two additional chase periods (Figure 2B, lanes 4 and 5, 6 and 7). These observations 

indicate that endogenously as well as heterologously produced 7B2 is, at least partially, 

directed to the regulated secretory pathway in 21a and 22-la cells, respectively. Thus, 

overexpressed 7B2 follows the correct intracellular route in AtT20 cells. 

Do 7B2 and PCI interact in AtT20 cells? 

7B2 transiently interacts with prohormone convertase PC2 in Xenopus and mouse 

intermediate pituitary cells (Braks and Martens, 1994). To examine whether 7B2 can also 

interact with PCI, immunoprecipitation studies were performed in normal (21a) and 7B2-

overproducing (22-la) AtT20 cells. Newly synthesized proteins from cell lysates were 

immunoprecipitated with anti-PC 1 antibodies under native conditions. This resulted in the 

precipitation of a number of proteins with the major ones having sizes of 83 kDa, 66 kDa 

and 26 kDa (Figure ЗА, lanes 1 and 2). The 83-kDa and 66-kDa proteins are likely PCI, 

since PCI is known to be produced in AtT20 cells as a 88-kDa proenzyme that is rapidly 
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Figure 2. 7B2 biosynthesis and secretion by normal and 7152-overproduciiig AtT20 cells. Normal (21a) 
and 7B2-overproducing (22-la) AtT20 cells were pulse labeled with Tran-35S label. Newly synthesized 
proteins were immunoprecipitated with anti-7B2 monoclonal antibodies and immune complexes were 
resolved by SDS-PAGE and visualized by fluorography. (A) 21a and 22-la cells were pulse labeled for 3 
h and cell extracts were immunoprecipitated with anti-7B2 antibodies. In lane 3 immunoprecipitation was 
performed in the presence of excess recombinant 7B2. (B) 21a and 22-la cells were pulse labeled for 2 h 
and subsequently chased for 2 h in normal medium and 2 h in medium containing 5 mM 8-Br-cAMP. 
Culture media were collected and refreshed after the 2-h pulse period (p) and after every subsequent 1 h 
of chase. Media samples were immunoprecipitated with anti-7B2 antibodies. 

converted into a 83-kDa protein, part of which is then further processed to a 66-kDa 

protein (Vindrola and Lindberg, 1992; Lindberg, 1994; Milgram and Mains, 1994; Zhou 

and Mains, 1994). The identity of the 26-kDa protein is unknown, but most likely this 

product corresponds to a PCl-derived polypeptide since it was also precipitated with anti-

PC 1 antibodies under denaturing conditions (data not shown). None of the newly 

synthesized proteins that were coprecipitated with PCI in 21a and 22-la lysates, appeared 

to comigrate with intact or processed 7B2 (Figure ЗА). Similar results were obtained 

when newly synthesized proteins in AtT20 cells were cross-linked with the cleavable 

cross-linker DSP prior to immunoprecipitation with anti-PC 1 antibodies (data not shown). 

Furthermore, addition of recombinant 7B2 to radiolabeled AfT20 proteins, followed by 

immunoprecipitation with anti-7B2 antibodies under native conditions did not result in the 

coprecipitation of a PCI-related protein with 7B2 (data not shown). Altogether, an 

association between endogenous, heterologous or recombinant 7B2 with newly 

synthesized PCI from AtT20 cells could not be detected. Based on the association studies 

with PC2 (Braks and Martens, 1994), an interaction of 7B2 with only proPCl and not 

with mature PCI would be expected. In AtT20 cells, proPCl conversion occurs very 
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Figure 3. Biosynthesis of PCI in normal and 7B2-overproducing AtT20 cells. Normal (21a) and 7B2-
overproducing (22-la) AtT20 cells were pulse labeled with Tran-35S label. Newly synthesized proteins were 
immunoprecipitated with anti-PC 1 antiserum and immune complexes were resolved by SDS-PAGE and 
visualized by fluorography. (A) 21a and 22-la cells were pulse labeled for 3 h, extracted under native 
conditions and immunoprecipitated with anti-PCl antibodies. (B) 21a and 22-la cells were pulse labeled 
for 1 h and chased for 2 h. Cell extracts and culture media were immunoprecipitated with anti-PCl 
antibodies. 

soon after its synthesis in the ER (Lindberg, 1994; Milgram and Mains, 1994) and as a 

result, only a very small amount of proPCl will be present in these cells. Therefore, an 

interaction between 7B2 and proPCl would be hard to detect in our experiments and a 

definitive conclusion concerning this point thus needs further experimentation. 

7B2 is thought to be involved in the biosynthesis of PC2 by preventing premature 

proPC2 conversion in the secretory pathway (Braks and Martens, 1994; Chapter 5). To 

examine whether 7B2 could also play a role in the biosynthesis of PCI, pulse-chase 

experiments were performed using 21a and 22-la cells. Immunoprecipitation of PCI from 

newly synthesized proteins in 21a cells revealed that after a 1-h pulse the majority of PCI 

is already present in the 83-kDa mature form (Figure 3B, lane 1). In the subsequent 2-h 

chase period the major part of 83-kDa PCI was secreted into the culture medium (Figure 
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3B, lane 3). A minor part was converted into a 66-kDa product that was partially present 

within the cell and partially secreted (Figure 3B, lanes 2 and 3). In 22-la cells, the time 

course of PCI biosynthesis appeared to be similar to that in control 21a cells (Figure 3B, 

lanes 4-6), indicating that overexpression of 7B2 does not affect this process and that no 

interaction between 7B2 and (pro)PCl occurs. 

Does 7B2 affect POMC processing in AtT20 cells? 

We then examined the effects of elevated levels of 7B2 in AtT20 cells on the processing 

of POMC and the secretion of POMC-derived products. Altered POMC processing in 

7B2-overproducing cells could point to an effect of 7B2 on PCI, since PCI is the main 

enzyme responsible for POMC cleavage in AtT20 cells. Furthermore, an effect of 7B2 

on POMC biosynthesis in AtT20 cells could reflect an interaction of 7B2 with POMC 

itself. In previous studies we were not able to exclude the possibility of a specific 

association between 7B2 and POMC due to non-specific binding of POMC in the 

coimmunoprecipitation experiments (Braks and Martens, 1994). After pulse labeling of 

21a and 22-la cells for 30 min, the secretion of POMC and related products was studied 

by immunoprecipitation of the culture medium with anti-ACTH antibodies. 21a cells 

started to secrete ACTH-related proteins in the first 30 min of chase (Figure 4, lanes 1 

and 2). Only large products (between 23 and 38 kDa) were released during this period 

Figure 4. Secretion of newly synthesized ACTH-
related proteins by normal and 7B2-
overproducing AtT20 cells. Normal (21a) and 
7B2-overproducing (22-la) AtT20 cells were pulse 
labeled with Tran-35S label for 30 min and chased 
forO, 30 and 120 min. Newly synthesized proteins 
were immunoprecipitated from the culture media 
with anti-ACTH antiserum. Immune complexes 
were resolved by SDS-PAGE and visualized by 
fluorography. 
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and these were probably secreted via the constitutive secretory pathway. After a 2-h chase 

period a number of ACTH-related proteins were secreted from 21a cells (Figure 4, lane 

3). These included the larger products observed during the first 30 min of chase, but also 

a set of smaller proteins, ranging in size from 5 to 15 kDa. The same pattern of newly 

synthesized proteins was observed after immunoprecipitation of media from 22-la cells 

(Figure 4, lanes 1-3), indicating that overproduction of 7B2 had not affected the 

processing of POMC, nor the secretion of the POMC-derived products. Finally, total 

production and secretion of ACTH-related products was measured in lysates and media 

of 21a and 22-la cells by an ACTH-radioimmunoassay. No significant differences were 

found between the amounts of ACTH-related products that were synthesized and secreted 

by 21a and 22-la cells (data not shown). Both cell lines contained about 50 ng ACTH/106 

cells and secreted about 12 ng ACTH/106 cells/h. Thus, no interaction of 7B2 with PCI 

or POMC could be demonstrated by analysis of the biosynthesis and processing of POMC 

in normal and 7B2-overproducing AtT20 cells. 

Concluding remarks 

In conclusion, we found no evidence for an interaction of 7B2 with PCI in AtT20 cells. 

We therefore conclude that 7B2 is not involved in PCI biosynthesis or activation. In line 

with this, we previously demonstrated that 7B2 does not affect PCI enzyme activity in 

an in vitro enzyme assay (Martens et al., 1994). Our present results further indicate that 

7B2 does not interact with POMC and has no effects on prohormone processing in AtT20 

cells. Thus far, the only protein found to interact with 7B2 is PC2 and presumably 7B2 

functions as a specific chaperone for this prohormone convertase. Cotransfection of PC2-

cDNA constructs into the 7B2-overproducing AtT20 cell line can now be performed and 

will provide new ways to investigate in vivo the involvement of 7B2 in the biosynthesis 

and activation of PC2. 
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Chapter 8 

SUMMARY 

The neuroendocrine-specific polypeptide 7B2 is a constituent of the regulated secretory 

pathway. Recently, we found that 7B2 functions as a molecular chaperone for the prohor

mone convertase PC2 inXenopus laevis intermediate pituitary cells. This report describes 

the genomic organization of the 7B2 gene which consists of six exons. Exon 1 

corresponds to the 5'-untranslated mRNA region, while exons 2 and 3 encode the signal 

peptide and the amino-terminal half of the 7B2 protein that is distantly related to the 

family of 60-kDa heat shock proteins. The carboxy-terminal half of 7B2, responsible for 

its inhibitory action on PC2, is encoded by exons 4 to 6. Primer extension analysis 

showed that the human 7B2 gene is transcribed from multiple transcription initiation sites. 

Its putative promoter region contains no obvious TATA- or CAAT-boxes. In addition to 

a cAMP responsive element, an AP-1 site and several Pit-l/GHF-1 binding domains and 

heat-shock element-like sequences are present in the human 7B2 gene promoter. Of 

further interest is the finding of two common DNA elements in the promoter regions of 

the 7B2 gene and other genes selectively expressed in neuroendocrine tissues. 

INTRODUCTION 

The biological role of the neuroendocrine polypeptide 7B2 has been obscure for many 

years. The protein is expressed by a wide variety of neural and endocrine cells where it 

is localized in secretory granules (Iguchi et al., 1987b; Marcinkiewicz et al., 1987; Steel 

et al., 1988). A carboxy-terminally processed form of 7B2 is secreted (Ayoubi et al., 

1990; Paquet et al., 1991b). Based on this, intracellular functions as well as 

endocrine/paracrine roles for 7B2 and/or its cleavage products have been suggested 

(Iguchi et al., 1987b; Marcinkiewicz et al., 1987). We recently showed that in vivo the 

25-kDa 7B2 precursor protein functions as a molecular chaperone for the prohormone 

convertase PC2 (Braks and Martens, 1994) and that in vitro it specifically inhibits PC2 

enzyme activity (Martens et al., 1994). The significance of the transient interaction 

between 7B2 and PC2 is not fully understood yet, but possibly 7B2 is involved in 

maintaining PC2 in an inactive state during the early stages of its transport through the 

secretory pathway. Alternatively, 7B2 may play a role in the correct transport or the 

prevention of misfolding of this processing enzyme. 
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Thus far, the 7B2 cDNA sequences of human, porcine, rat, mouse, Xenopus and 

salmon have been determined and from the deduced amino acid sequences it appears that 

the 7B2 structure is highly conserved throughout evolution (Brayton et al, 1988; 

Martens, 1988; Martens et al, 1989; Mbikay et al, 1989;, Waldbieser et al, 1991). 

Based on biochemical characteristics (acidic isoelectric points, multiple dibasic residues) 

and the widespread distribution in (neuro)endocrine tissues, 7B2 has been classified as 

a member of the granin family (Huttner et al., 1991). In spite of their shared properties, 

the functions of the various chromogranins and secretogranins are not known. In the 7B2 

molecule two putative functional domains have been identified. The amino-terminal half 

appeared to be distantly related to the middle portions of the Hsp60 subclass of molecular 

chaperones, also called chaperonins (Braks and Martens, 1994). The carboxy-terminal 

half of 7B2 showed a low degree of similarity with members of the so-called potato 

inhibitor I family (Martens et al., 1994). This portion contains three pairs of basic amino 

acids that can serve as recognition sites for specific proteolytic cleavage enzymes, such 

as PC2. Recently, we have demonstrated that this region is indeed responsible for the 

inhibition of PC2 activity (Van Horssen et al, 1995). 

Only little is known about the factors regulating the expression of the 7B2 gene. 

In the melanotrope cells of the intermediate pituitary of Xenopus laevis, the 7B2 gene 

appeared to be co-regulated with the gene encoding the prohormone proopiomelanocortin 

(POMC) (Martens et al, 1989). The main processing product of POMC in these cells 

is melanophore-stimulating hormone (MSH) which plays an important role in the process 

of skin darkening during background adaptation. Therefore, the POMC gene is transcrip

tionally very active in melanotrope cells of black-adapted toads and inactive in white-

adapted animals. Except for 7B2, many other proteins that are involved in the biosyn

thesis and secretion of peptide hormones share the phenomenon of coexpression with 

POMC, a clear example being the prohormone convertase PC2 (Braks et al, 1992). 

We had three reasons to determine the structural organization of the 7B2 gene. 

First, to study (he relationship between the exon-intron distribution of the 7B2 gene and 

the two functional domains within the 7B2 protein, viz. the chaperonin-related domain 

and the proteinase inhibitor part. Second, the 7B2 gene has been mapped to human 

chromosome region 15ql3-14 (Roebroek et al, 1989; Mattei et al., 1990) and this is 

located near or within the chromosomal region that is deleted in Prader-Willi and 

Angelman's syndrome. The use of human 7B2 gene fragments as molecular probes for 

the detection of genetic deletions has been suggested (Mattei et al, 1984, Mattei et al., 

1990). The gene fragment representing the 5' end of the human 7B2 gene might be of 
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value for this purpose. Third, the sequence of the 7B2 gene promoter may reveal 

potential DNA elements regulating coordinated and neuroendocrine-specific expression. 

EXPERIMENTAL PROCEDURES 

Cloning of the Xenopus 7B2 gene 

Five Xenopus laevis genomic libraries were screened to isolate the Xenopus 7B2 gene. 

One library (kindly provided by Dr. G. Spohr, Geneva, Switzerland) was constructed by 

adding EcoKl-linkers to a partial ЯаеШ-digest of genomic DNA and cloning the DNA 

fragments into the EcoRl sites of the vector XCharon 24A. The second library (kindly 

provided by Dr. D. Melton, Massachusetts, USA) concerns a collection of partial Mbol-

digested genomic DNA cloned into the ВатШ site of XEMBL-4. The three other 

Xenopus genomic libraries (kindly provided by Dr. J. Schwager and L. Dupasqier, Basel, 

Switzerland) were partial Sau3A genomic DNA digests cloned into the ВатШ site of 

XEMBL-3. The Xenopus libraries were screened by filter hybridization according to 

standard procedures (Sambrook et al., 1989), using Xenopus pituitary 7B2 cDNA clone 

pX9 as a probe. The pX9 clone covers the major portion of the protein-encoding region 

of mature 7B2 and the complete 3'-untranslated mRNA region (Martens et al., 1989). 

Positive clones were plaque-purified and analyzed by restriction mapping and Southern 

blot analysis. 

Cloning of the 5' end of the human 7B2 gene 

To isolate the 5' end of the human 7B2 gene, a human genomic library of partially 

iscoRI-digested genomic DNA in the vector XEMBL-3 (kindly provided by Dr. R. 

Brakenhoff, Nijmegen, The Netherlands) was screened with the 5' end of the nearly full-

length human pituitary cDNA clone XH6 (Martens, 1988) as a probe. Library screening 

and analysis of positive clones were performed as described above. A synthetic 

oligonucleotide (5'-ACCGAGGGGCAGCCCGAGGA-3') corresponding to the 5' end of 

XH6 was used to localize the most 5' exon in the gene. 

DNA sequence analysis 

DNA sequencing was performed by the dideoxy chain termination method (Sanger et al., 

1977) using M13 mplO/11/18/19 subclones or internal primers. 
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Primer extension analysis 

Human pituitaries and hypothalami were obtained from the Netherlands Brain Bank 

(Amsterdam, The Netherlands). From tissues of a post-mortem delay of approximately 

4 hours, total RNA was isolated according to the method of Chomczynsky and Sacchi 

(1987). An oligonucleotide primer 5'-CTGGAGAGAGCTAGTGCGTCACC-3' was de

signed, complementary to nucleotides located in the 5' untranslated region, 76-97 base 

pairs upstream from the methionine translation start site. The primer was end labelled 

using [a-32P]ATP and T4 kinase. Hybridization and extension reaction were performed 

with Superscript reverse transcriptase (GibcoBRL), according to the manufacturers' 

instructions. Reaction products were separated on 6% polyacrylamide-8M urea 

sequencing gels together with a set of dideoxy sequencing reactions using the same primer 

and with a Hindlll-Pstl fragment of clone XH2D containing the 5'-untranslated region. 

Heat shock experiments 

To study the effect of a heat shock at the protein level, intermediate pituitary lobes of 

black-adapted Xenopus laevis were dissected and initially preincubated in vitro at the 

physiological incubation temperature of 22° С for 45 minutes in 100 μ\ incubation medium 

(112 mM NaCl; 2 mM KCl; 2 mM CaCl2; 15 mM Hepes, pH 7.4; 0.3 mg/ml BSA; 2 

mg/ml glucose, pH 7.4). Three lobes were incubated at 22eC (control) and three at 30°C 

(heat shock) for 1 h in 10 μ\ incubation medium prewarmed to either 22°C or 30°C and 

containing 4 mCi/ml of [3H]-lysine, 2 mCi/ml of [3H]-threonine, 2 mCi/ml of [3H]-

tyrosine and 10 mCi/ml of [3H]-leucine. Following the incubations, individual lobes were 

homogenized and immunoprecipations were performed as described (Ayoubi et al., 1990; 

Braks and Martens, 1994), using mouse anti-7B2 monoclonal antibody MON-100 (Van 

Duijnhoven et al., 1991). To quantitate levels of newly synthesized proteins, 

autoradiographs exposed for various times were scanned using a laser densitometer 

(Ultrascan XL, LKB/Pharmacia). To study the effect of a heat shock at the mRNA level, 

total RNA was prepared by acid guanidine isothiocyanate/phenol/chloroform extraction 

(Chomczynski and Sacchi, 1987) from intermediate pituitary lobes dissected from black-

adapted Xenopus, and preincubated and incubated at 22°C or 30°C as described above. 

Levels of 7B2 mRNA were determined by Northern blot analysis and RNase protection 

assay according to standard procedures (Sambrook et al., 1989) and quantified by laser 

scanning densitometry; in each case the experiment was performed in triplicate. 
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Figure 1. Physical map of the 7B2 gene and localization of exons 1 to 6. Two overlapping phage clones 
of the Xenopus 7B2 gene (XXC9N and XXBL9.1) and one clone containing a human 7B2 gene fragment 
(XH2D) were isolated. Restriction sites shown are Bglll (Bg), Hindlll (H), ВатИІ (В), EcoRl (R), Pstl (P), 
Xbal (X), Hindi (Hi) and Р иІІ (Pv). Solid boxes denote exons. The boxed area in the 7B2 mRNA 
structure represents the translated region, with the signal peptide hatched, the chaperonin-related domain 
in white and the protease inhibitor-like region in grey. The arrows indicate the pairs of basic amino acids 
that can serve as cleavage sites for proprotein convertases. 

RESULTS 

Cloning of the Xenopus 7B2 gene 

Xenopus 7B2 cDNA clone pX9, isolated by a differential hybridization procedure 

(Martens, 1988), was used to screen two Xenopus laevis genomic libraries in order to 

tisolate the 7B2 gene. Screening of a XCharon 24A genomic library (1.5xl06 clones) led 

to the isolation of 9 hybridization-positive clones of which clone \XC9N was selected for 

further analysis. After screening a XEMBL-4 library (1.35xl06 clones), one of the two 

positive clones was further analyzed (genomic clone XXBL9). Restriction mapping and 

Southern blot analysis using probe pX9 revealed that XXC9N harbors two exons while 

XXBL9 contains three exons of which the most upstream one is identical to the most 

downstream one in XXC9N, indicating that these two genomic clones overlap (Figure 1). 

To determine the exon-intron structure of the 7B2 gene, hybridizing DNA fragments were 

subcloned and sequenced. Comparison of these nucleotide sequences with that of the 
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Structural organization of the 7B2 gene 

Xenopus 7B2 cDNA allowed the identification of the exon-intron boundaries (Figure 2A). 

All of these junctions are in general agreement with the established consensus rules for 

donor and acceptor splice sites (Shapiro and Senepathy, 1987). In two cases codons for 

amino acids (Gly50 and Gly100) of the 7B2 protein are interrupted by introns. From Figure 

1 and 2A it is clear that we cloned four exons (with sizes of 150 base pairs, 110 bp, 54 

bp and 451 bp) of the Xenopus 7B2 gene. These exons encode the complete 3'-

untranslated mRNA region and most, but not all, of the 7B2 protein. Screening of three 

additional genomic libraries in the vector XEMBL-3 (total of 2xl06 clones) using probe 

pX9 did not result in the isolation of genomic DNA fragments encoding the N-terminal 

region of the Xenopus 7B2 protein. At that time, a full-length Xenopus 7B2 cDNA clone 

was not available. Isolation of a nearly full-length human pituitary 7B2 cDNA clone with 

pX9 as a probe (Martens, 1988) and screening of the Xenopus genomic libraries with this 

human clone was also not successful in obtaining Xenopus genomic sequences encoding 

more of the amino-terminal region of 7B2. 

Cloning of the S' end of the human 7B2 gene 

To isolate the 5' end of the 7B2 gene, we then screened a human genomic library in the 

vector XEMBL-3 (2xl06 clones) using as a probe a 5' end segment of the human 7B2 

cDNA encoding the signal peptide and the 5'-untranslated region. Of the seven 

hybridization-positive clones, genomic clone XH2D was selected for further analysis. This 

clone contains the exon encoding the amino-terminal region of the 7B2 protein and a 

small portion of the 5'-untranslated mRNA region. Again, the exon-intron splice junctions 

conform to the consensus sequences (Figure 2A). To localize on XH2D the exon encoding 

the remainder of the 5'-untranslated mRNA region, a synthetic oligonucleotide (20-mer) 

corresponding to the 5' end region of the human 7B2 cDNA clone was used as a probe. 

The sequence surrounding the 3' end of the exon identified with this probe conforms to 

the consensus sequence for donor sites in intron-exon splice junctions (Figure 2A). 

In order to identify the transcription start site of the 7B2 gene, primer extension 

analysis of human pituitary and hypothalamus RNA (10 μg total RNA) was performed. 

This analysis resulted in the detection of multiple bands indicating the existence of several 

transcription start sites in the human 7B2 gene (in Figure ЗА). The transcription start 

sites of the largest fragments were found to be at positions -1 and +1 (Figure 3B) with 

the +1 site corresponding to the start site found for the rat 7B2 gene. The resulting 

mRNA transcripts would contain multiple AUG codons and several short open reading 

frames (ORFs). 
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The 5'-end of the human gene was compared to that of the rat. A 106-bp portion 

upstream of the 3' end of the first exon displays 68% nucleotide sequence identity with 

the 5'-end of the porcine 7B2 cDNA (Brayton et al., 1988) and 65% identity over a 

stretch of 346 nucleotides was found with the first exon of the rat 7B2 gene (Waldbieser 

et al., 1991). Comparison of the human and rat sequences upstream of the first exon 

revealed a high degree of divergence between the two species. Only a few conserved 

regions were found between the promoters (Figure 3B). 

Analysis of the 5'-flanking region of the human 7B2 gene revealed the absence 

of not only a TATA-box sequence, but also of a CAAT-box. However, several other 

putative regulatory elements were found, such as POU-protein binding elements (Pit-1, 

GHF-1), а с AMP responsive element (CRE) and an AP-1 site (Figure 3B). 

Recently, it was shown that the 7B2 protein sequence contains a domain distantly 

related to a region of the chaperonins (Braks and Martens, 1995). Most, but not all, 

molecular chaperones are heat-shock proteins. A criterion for classification of a protein 

as a heat-shock protein is the presence of a heat-shock element (HSE; nGAAn repeat 

arranged in alternating orientation; η can be any nucleotide) within 150 bp upstream of 

the transcription initiation site of its gene (Schlesinger, 1990). The HSE should contain 

at least three nGAAn units since the heat-shock regulatory factor appears to be a trimeric 

protein with each monomer interacting with a single unit (Perisic et al., 1989). A second 

element conferring heat-shock inducibility, the thermal stress response sequence (TRS; 

CCCCT with 24-bp spacing), has been recently described for yeast heat-shock genes and 

is usually found within 200 bp upstream of the transcription initiation site (Kobayashi and 

McEntee, 1993). We noticed that the promoter regions of the rat and human 7B2 genes 

contain both the HSE and TRS element at the expected positions upstream of the 

transcription initiation site (Figure 3B). 

Heat shock experiments 

To examine whether Xenopus 7B2 is a heat-shock protein, the effect of a temperature 

shift on the biosynthesis of the 7B2 protein was studied in Xenopus intermediate pituitary 

cells incubated in vitro for 1 h. Under the conditions used and within the time frame of 

the experiments, the heat-shock from 22CC (the physiological incubation temperature) to 

30°C caused no significant difference in the level of newly synthesized 25-kDa 7B2 

precursor protein, but the amount of the 18-kDa 7B2 cleavage product increased more 

than 5-fold (560% ± 80%; n=7; p<0.001) (Figure 4B). This indicates that the 

temperature shift significantly increased the level of biosynthesis and processing of the 
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human 5 ' attaaaGGTGTCTGGT ATÏTGGTGA"TCTGGCACGTT GTATÏ TTCJiGACTOK-- 43 

******* *** * * *********** ***** * ** ********** 
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**** * * *** **** *** ** *********** ** ****** ** ****** * * * 
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* * ********* **** **** * **** * ********* * * * * * * 
CGGAGGAGGGTSKCGCACTSGCTCTCCAGTTCGCCCGTTC - CTGGCCTCSCCCCCACCAAG - - GCCCCAT 3 1 5 
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C G G A G G G A G G T G A Ï G C A G G A G C T A T C C A G C A C G T C A G C T C C C T G T T T T G GCCC-AG 

ACCGT-TGTGG--GTTCCTCCAGCTGCCACTCG **** *** * * ***** ****** **** 
- 3 ' ACCGCATGTA"S--GCTCCTCGGGCTGCCCCTCGgtgaqtac-

* ** *** **** * ** *** * ******** * 
ATTGC-- TEGACGCTC-GCCCGCGGCCACACGgtgagttc 3 ' 

I • i n t r o n 1 

Figure 3 . Analysis of the promoter and the first exon of the human 7B2 gene. (A) The first exon of 

the human 7B2 gene is aligned with the first exon of the rat 7B2 gene and with the 5 ' end of a porcine 

pituitary 7B2 cDNA (Brayton et al , 1988, Waldbieser étal, 1991) In the 5'-untranslated regions, the start 

codons are underlined and stop codons overlined The transcription start sites determined by primer 

extension are marked by arrowheads (B) Alignment of the putative promoter of the human 7B2 gene with 

that of the rat 7B2 gene (Waldbieser et al , 1991) The CRE, AP-1, P i t - l /GHF-1, TRS and HSE motifs 

are underlined A repeat in the rat gene is indicated by arrows Conserved regions are boxed (C) 

Conserved putative regulatory promoter elements (thermal response elements, TRS) of the genes of human 

7B2, rat 7B2, human POMC, human PC2 and yeast DDRA2 TRS sequences are in head to tail or in tail 

to tail orientation, note the 24 bp spacing between the pentanucleotides 
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7B2 protein. The heat shock also increased the level of a number of products in the mass 

range 60-90 kDa which may well represent known heat-shock proteins (Figure 4A). In 

contrast, the biosynthesis of the 37-kDa POMC precursor protein and of most other 

newly synthesized products was not affected, while POMC processing to 14-18-kDa 

POMC-derived products increased only slightly (11% ±2%). We then used the same 

experimental conditions to study the effect of a temperature shift on the levels of 7B2 

mRNA in Xenopus intermediate pituitary cells. Analysis by RNase protection assays as 

well as Northern blots did not reveal significant differences in mRNA levels for 7B2 (data 

not shown). Since the 7B2 gene is already highly induced in intermediate pituitary lobes 

of black adapted Xenopus, we repeated the experiment using lobes of animals adapted to 

a white background. Also under these conditions, no increase in the level of 7B2 mRNA 

was found after a heat shock. 

DISCUSSION 

Structural organization of the 7B2 gene 

Analysis of human and Xenopus 7B2 gene fragments revealed that the 7B2 gene consists 

of six exons and five introns. Most of the 5'-untranslated region of human 7B2 mRNA 

is encoded by exon 1, whereas the remainder of the 5'-untranslated mRNA region toge

ther with the signal peptide sequence and the amino-terminal region of the mature 7B2 

protein is encoded by exon 2. As is shown here for the Xenopus gene, the remainder of 

the 7B2 protein is encoded by four exons of which exon 6 is the largest exon also enco

ding the complete 3'-untranslated mRNA region. This structural organization agrees with 

the 5' end of the rat gene and the 3' end of the human gene (Waldbieser et al., 1991; 

Mattei et al., 1990), implicating a strong conservation of the organization of the 7B2 

gene. All exon-intron boundaries conform to the GT-AG rule of Breathnach et al. (1978) 

and are consistent with the consensus sequences for donor or acceptor splice sites 

proposed by Shapiro and Senepathy (1987). The absence of an AG close to the 3' end of 

an intron has been suggested to be important for the recognition of the proper splice site 

(Mount, 1982; Shapiro and Senepathy, 1987). Interestingly, such an AG is present in the 

10 nucleotides preceding the acceptor site in intron 1 of the human 7B2 gene (Figure 2A). 

In intron 1 of the rat 7B2 gene no AG is present at this position (Waldbieser et al., 

1991). Remarkably, Paquet et al. (1991a) reported the presence of an AG dinucleotide 

close to the intron-exon boundary in intron 3 of the human 7B2 gene. This site has been 
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Figure 4. Effect of a temperature shift on biosynthetic events in Xenopus intermediate pituitary cells. 
(A) Autoradiograph of SDS-polyacrylamide gel electrophoresis (PAGE) of radiolabelled, newly synthesized 
proteins produced by neurointermediate lobes of black-adapted Xenopus during a 1-h in vitro incubation of 
the lobes in the presence of radiolabelled amino acids either at the physiological incubation temperature of 
22°C (lanes 1-3) or at 30°C (lanes 4-6). Positions are indicated of radiolabelled molecular size markers, 
of proopiomelanocortin (POMC) and of a small set of newly synthesized products of 60-90-kDa induced 
by the heat shock (asterisk). (B) Autoradiograph of SDS-PAGE of newly synthesized proteins 
immunoprecipitated with anti-7B2 monoclonal antibody. Lane 1, immunoprecipitated combined extracts of 
(A), lanes 1-3; lane 2, immunoprecipitated combined extracts of (A), lanes 4-6. The positions of 
radiolabelled molecular size markers, and of the 25-kDa 7B2 protein and the 18-kDa 7B2 product are 
indicated. The experiment was repeated six times. 

found to function as an alternative splicing site, resulting in an additional amino acid 

(Ala) at position 100 in the prevalent form of the human 7B2 protein. In Xenopus 7B2 

gene transcripts, similar alternative processing between exons 3 and 4 is not likely, since 

only one acceptor splice site is present here (Figure 2A). We have indeed not found 

cDNAs resulting from such an alternative splicing event. 

Of interest is the finding that of the protein-coding regions, exons 2 and 3 are 

highly conserved (over 90%) while exons 4, 5 and 6 are less conserved (below 75%) 

123 



Chapter 8 

between Xenopus and human. We recently showed that a protein region of 7B2, mainly 

encoded by exons 2 and 3, diplays a low degree of amino acid sequence similarity with 

a conserved domain in chaperonins (Braks and Martens, 1994). Representatives of this 

class of chaperones have been found in bacteria and in mitochondria and plastids of 

eukaryotic cells. Thus far no introns have been found in eukaryotic Hsp60 genes (Reading 

et al., 1989), probably as a result of their direct prokaryotic origin. It is of further 

interest that the protein region encoded by the 3' end of exon 2 (Pro^-Gly50) and the 

region encoded by the 5' end of exon 3 (Gly^-Pro66) show a high degree of similarity 

(Figure 2B). The functional significance of this internal repeat is unclear. 

The recently identified domain in 7B2 responsible for PC2 enzyme inhibition (Van 

Horssen et al., 1995) is located in exon 6. A synthetic peptide corresponding to this exon 

indeed inhibits PC2 activity (Lindberg et al., 1995). The region of 7B2 encoded by exons 

4, 5 and 6 shows some homology to a region of members of the potato inhibitor I family 

(Martens et ai, 1994); this inhibitory region is encoded by only one exon (Lee et ai, 

1986, Wingate and Ryan 1991). 

As a result of a relatively recent duplication of the genome in the genus Xenopus, 

all genes in the Xenopus species are present in duplicate (Bisbee et al., 1977). The gene 

transcript deduced from the partial Xenopus 7B2 gene presented here, differs 3 

nucleotides from the previously reported Xenopus intermediate pituitary 7B2 cDNA 

(Martens et al., 1989) and is identical to a cDNA that has been recently isolated and 

sequenced (Chapter 1). These results indicate that two structurally different 7B2 genes 

exist in Xenopus and that both are expressed in the intermediate pituitary. 

Analysis of the 7B2 gene promoter 

Analysis of the promotor region and exon 1 of the human 7B2 gene revealed 

structural features which may prevent efficient expression of the gene. First, the gene 

lacks typical TATA-box or CAAT-box elements found in most eukaryotic genes. TATA-

less genes are often housekeeping genes or genes associated with cell growth and proli

feration (Dynan, 1986). In this respect it is interesting to note that the 7B2 gene is widely 

expressed in neural and endocrine systems. Like other TATA-less genes, including genes 

coexpressed with 7B2 such as PCI and PC2, the 7B2 gene is transcribed at multiple 

transcription initiation sites. This might explain the multiple bands seen in Northern blots 

(Martens, 1988; Gherzi et al., 1994). Secondly, the 7B2 gene transcript contains small 

ORFs in its leader sequence and these may inhibit translation from the normal site (Iwaki 

et al., 1990; Kozak, 1991). Third, the 5'-untranslated region is G+C rich, which may 
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cause secondary structure. These secondary structures may also be responsible for the 

multiple bands found in the primer extension experiment, due to premature termination 

of the reverse transcriptase reaction. A complex regulatory mechanism therefore appears 

to occur at the transcriptional as well as the post-transcriptional level. The recent finding 

that regulatory elements in the first intron of the 7B2 gene are required for efficient ex

pression reinforces this notion (Waldbieser et al., 1991; Gherzi et al., 1994). 

The presence of heat-shock promoter elements is considered as the most definitive 

evidence for a gene to encode a heat-shock protein (Schlesinger, 1990). In the human 7B2 

gene, HSE-like sequences are found between positions -194 and -208 (Figure 3B). In the 

rat 7B2 promoter (Waldbieser et al., 1991) these elements are located more downstream, 

between positions -47 and -60. In addition, a thermal response element (TRS, C4T) was 

found in the promoter regions of both human and rat 7B2 genes (Figure 3B). Like in 

other genes (Kobayashi and McEntee, 1993) these pentnucleotides are separated by 24 

nucleotides (Figures 3B and 3C). Interestingly, we found the same pentanucleotide three 

times as a repeat in the promoter of the human POMC gene (Figure 3C). One of these 

DNA-stretches in the POMC gene has been identified as a binding site for regulatory 

factors (Kraus et al., 1993). In the POMC gene of Xenopus (Martens, 1987) inverted 

TRS-like elements (GGGGA, between positions -259 and -291) are found, also with a 24-

bp spacing. In the POMC gene of other vertebrate species the same pentanucleotides are 

found, but not with a 24-bp spacing. A similar situation with a 24-bp spacing was also 

found in the human PC2 gene (Figure 3C), in an area identified as indispensible for PC2-

promoter activity (Ohagi et al., 1992). Despite the presence of these elements in the 7B2 

gene promoter, no increase in the steady state level of 7B2 mRNA was observed in 

Xenopus intermediate pituitary cells after a heat shock. A significant difference was found 

only at the 7B2 protein level. It is therefore not clear whether the heat shock and thermal 

response elements are functional promoter elements in the 7B2 gene. The regulation of 

heat shock-induced gene expression is often complex and can occur at multiple levels, 

including predominantly at the protein level (Edington and Hightower, 1990). The HSE 

found here may not to be involved in heat shock but might be a binding site for Heat 

Shock Factor 2, which is not involved in heat shock but is expressed in differentiating 

cells (Sistonen et al., 1992). Furthermore, several observations have indicated that the 

transcriptional response of heat shock genes upon heat shock may vary in different 

tissues. It has been reported that the heat shock response is deficient in brain and in 

cultured neuronal cells (Mathur et al., 1994). In yeast, the thermal response element C4T 

does not only confer heat shock induction upon thermal stress but also increase 
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transcription in response to cAMP and to nutrient starvation (Marchler et al., 1993). In 

the 7B2 gene, the HSE as well as the TRS may play a role under other stress conditions. 

The human 7B2 gene promoter contains the same putative regulatory elements as 

reported for the rat gene (Waldbieser et al., 1991). However, some of these elements are 

differently located in the promoters and one could therefore wonder whether they are 

functional. We searched for other 5' upstream sequences which might be involved in 

transcriptional regulation. The low sequence homology between the 7B2 promoters of the 

two species indicates that only a limited number of conserved regions may be of interest. 

These sequences were compared with regulatory elements in genes with a similar function 

or in genes wich are co-expressed with the 7B2 gene. In addition to the already men

tioned thermal response element, a conserved motif, TGGTTTGT, was found which 

showed homology with sequences found in the genes of PC2, Hsp21, POMC and the 

wound inducible inhibitor I gene. Interestingly, this element resembles a viral enhancer 

element (Weiher et al., 1983; Lee et al., 1986; Martens, 1987). Another element which 

might be important for transcriptional regulation concerns the sequence GGACTAC-

CTGGAC AT AC. located between -340 and -357 base pairs upstream from the transcrip

tion start site. The subelement CCTGGA has also been found in the promoters of mouse 

PCI, human PC2 and rat POMC (Ftouhi et al., 1994). We also found similar motifs in 

the gene promoters of other genes co-expressed with 7B2, such as human proenkephalin 

(CGGACACCCTGGA). human GRH (TCAATGTCCTGGA). bovine POMC (GCCÇÇT-

ACCTGGA) and a second motif (GGACCTGCCTGGAGCCTAC) in human PC2 (Naka-

nishi et al., 1981; Terao et al., 1983; Hayflick et al., 1989; Ohagi et al., 1992). Al

though the relevance of these motifs for 7B2 gene regulation remains to be investigated, 

their presence suggests a functional 7B2 gene promoter in this region. Altogether, the 

7B2 gene promoter is reminiscent of promoters of genes involved in cell growth and pro

liferation. The degree of conservation of the 7B2 gene promoter is strikingly low and on

ly a few conserved elements are found which might be of functional importance for the 

regulation of the 7B2 gene. 
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General Discussion 

The neuroendocrine polypeptide 7B2: the quest for its function 

For more than 10 years the role of the neuroendocrine polypeptide 7B2 has been unclear. 

Since its initial isolation from porcine pituitaries back in 1982 (Hsi et al., 1982), nearly 

all reports on 7B2 dealt with its intracellular localization and distribution in normal and 

neoplastic tissues (Iguchi et al, 1984, 1985, 1987a; Marcinkiewicz et al., 1985, 1986, 

1987, 1988a, 1988b, 1993, 1994; Suzuki et ai, 1985, 1986, 1987, 1988; Falgueyret er 

al, 1987; Benjannet et al, 1988; Natori et al, 1988, Steel et al, 1988; Ohashi et al, 

1990; Mbikay et al, 1991; Azzoni et al, 1992). Based on its localization in secretory 

granules of a number of endocrine and neural cell types, and its secretion from these 

cells, 7B2 was thought to function extracellularly, as an auto-, para- or endocrine factor 

(Marcinkiewicz et al, 1986, 1987; Iguchi et al, 1987a). In line with this, one of the 7B2 

cleavage products, a fragment corresponding to the C-terminal 13 amino acids, appeared 

to be able to cause membrane depolarization in supraoptic neurons (Senatorov et al, 

1993). An intracellular role for 7B2 has also been suggested, for instance by Huttner and 

coworkers (1991) who classified 7B2 into the granin (chromogranin/secretogranin) 

family. This classification was not based on structural or functional similarities, but on 

the acidic nature of the proteins and their selective expression in neuroendocrine cells. 

Although the biological function of none of the granins was known, intracellular roles as 

helper proteins in the packaging of precursors for hormones or neuropeptides, and as 

modulators of (pro)hormone processing were proposed (Huttner et al., 1991). Elucidation 

of the amino acid sequences of 7B2 from a number of species did not directly lead to a 

clue for its function. The strong conservation of the protein (consisting of 182 to 186 

amino acids) among vertebrate species, however, suggested an important physiological 

role (Martens et al, 1989; Waldbieser et al, 1991; Chapter 1). The presence of three 

conserved pairs of basic amino acids in the 7B2 sequence (Lys138-Lys139, Arg150-Arg-Lys-

Arg-Arg154, Lys171-Lys172, numbering refers to human 7B2; Martens, 1988) indicated that 

it could function as a precursor for smaller peptides. Pulse-chase studies revealed that, 

in Xenopus laevis, 7B2 is synthesized as a 25-kDa protein that is processed at the most 

N-terminal dibasic site (Lys138-Lys139) to an 18-kDa secretory product (Ayoubi et al, 

1990). In mammals, 7B2 was found to be synthesized as a 29-kDa protein that is cleaved 

at another processing site (Arg150 to Arg154) to a 21-23 kDa protein (Paquet et al, 1991b; 

1994). In addition, a peptide of 13 residues corresponding to the C-terminal region of 

7B2 has been isolated, indicating that the Lys171-Lys172 site in 7B2 is also processed 

(Sigafoos et al, 1993b). 

128 



7B2 is a molecular chaperone transiently interacting with prohormone convelíase PC2 

in the secretory pathway of neuroendocrine cells 

Extensive computer searches failed to demonstrate a structural relationship of 7B2 with 

any other protein in a number of databases. Nevertheless, visual inspection revealed a 

similarity between the N-terminal half of 7B2 and a region in members of the Hsp60 

class of molecular chaperones, also called chaperonins (Chapter 4). Chaperonins are 

known to assist in the folding of newly translated or translocated proteins by preventing 

aggregation of folding intermediates in an ATP-dependent fashion (Cheng et al., 1989; 

Horwich et al., 1993). They form tetradecameric ring-shaped structures and folding of 

substrate proteins takes place in their central cavities (Langer et al., 1992b; Braig et al., 

1993). However, multimerization of chaperonin subunits appeared not to be a prerequisite 

for their ability to promote protein folding (Makino et al., 1993; Taguchi et al., 1994). 

Thus far, large oligomeric complexes of 7B2 have not been demonstrated, but evidence 

was obtained that 7B2 may be a dimer (unpublished results). The region in chaperonins 

to which the N-terminal half of 7B2 shows similarity, comprises part of the N-terminal 

equatorial domain and the complete N-terminal intermediate domain (Braig et al., 1994). 

Mutational analysis of GroEL, the well-known chaperonin of Escherichia coli, recently 

revealed that this region is important for its chaperone function, but is not directly in

volved in ATP-, subunit-, or substrate binding (Fenton et al., 1994). 

Many molecular chaperones are heat-shock proteins that prevent misfolding or 

aggregation of other proteins under cell stress conditions (Hendrick and Haiti, 1993). 

Despite the presence of several heat shock element-like sequences in the 7B2 gene 

promoter, the steady state level of 7B2 mRNA was not elevated after heat treatment of 

Xenopus intermediate pituitaries (Chapter 8). Surprisingly, the amount of newly synthe

sized 7B2 protein did increase after a heat shock, indicating that 7B2 synthesis is, at least 

partially, regulated by a post-transcriptional mechanism. At present it is unclear whether 

7B2 is indeed involved in the protection of proteins against stress. Although the 7B2 gene 

has characteristics of a house keeping gene (TATA- and CAAT-less promoter), several 

conserved elements have been identified in the 7B2 gene promoter that could direct its 

neuroendocrine expression (Chapter 8). 

Following the identification of a chaperone-like domain in 7B2, a search was made 

for a neuroendocrine protein with which 7B2 may interact. Since folding and aggregation 

events are common in the regulated secretory pathway, chaperone-assisted folding was 

conceivable for many secretory proteins. In this light, we considered precursor molecules 

for peptide hormones and neuropeptides as possible candidates for substrates of 7B2. 
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General Discussion 

Initial attempts to show an interaction between 7B2 and POMC on native gels were 

promising, but eventually the observed association appeared to be due to non-specific 

binding of the sticky POMC protein. Subsequent binding studies with the (pro)hormones 

proinsulin, prolactin and growth hormone were indeed negative (unpublished results). 

Coimmunoprecipitation studies showed that the target protein of 7B2 is not a prohor

mone, but an enzyme involved in prohormone processing, namely the prohormone 

convertase PC2 (Chapter 4). PC2 is a well-conserved protein (Chapter 2) that belongs to 

the Kex2-related family of eukaryotic endoproteases. At present this family consists of 

PC1/PC3, PC2, furin, PACE, PC4, and PC5/PC6 (Halban and Irminger, 1994; Seidah 

and Chretien, 1994). All of these endoproteases cleave proproteins at pairs of basic amino 

acids in specific compartments of the secretory pathway. Only PC1/PC3 and PC2 are 

selectively involved in the processing of prohormones and neuropeptide precursors. Like 

other members of the Kex2-related family, PC2 is synthesized as a proenzyme that 

matures by removal of the N-terminal propeptide (Steiner et al., 1992). In Xenopus as 

well as mouse intermediate pituitary cells, an association between the uncleaved form of 

7B2 and proPC2 was found in the early stages of the secretory pathway (Chapters 4 and 

5). Concomitant with the processing of 7B2 at its C-terminus, release of the N-terminal 

fragment of 7B2 from proPC2 takes place. Conversion of proPC2 into its mature form 

occurs in a later stage, probably in the immature secretory granules. No interaction was 

found between 7B2 and other Kex2-like endoproteases in Xenopus intermediate pituitary 

(Chapter 4) or in the mouse anterior pituitary cell line AtT20 (Chapter 7; Benjannet et 

al., 1995). These data suggest that 7B2 is a neuroendocrine chaperone specifically and 

transiently interacting with proPC2 during the transit of this proenzyme through the early 

compartments of the secretory pathway. 

Inhibitory and stimulatory effects of recombinant 7B2 on PC2 enzyme activity and 

proPC2 conversion in vitro 

In addition to the in vivo results, in vitro data were obtained that shed some light on the 

nature of the interaction between 7B2 and PC2. In an in vitro assay it was shown that 

intact 7B2, but not its processed form, effectively inhibits PC2 enzyme activity (Chapter 

3). No inhibitory effect of 7B2 on PC1/PC3 (Chapter 3) or furin (T. A. Y. Ayoubi, 

personal communication) activity was found and thus 7B2 is considered as a specific in

hibitor of PC2. Thus far, 7B2 is the only known example of a naturally occurring in

hibitor of a Kex2-related endoprotease. In addition to its inhibitory effect on PC2-

mediated substrate cleavage, intact 7B2 also blocked the in vitro conversion of proPC2 
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into its mature form (Chapters 3 and 5). Cleavage of the propeptide from proPC2 occurs 

at pairs of basic residues and can be autocatalytic (Matthews et al., 1994; Sherman et al., 

1995). ProPC2 conversion and PC2 substrate cleavage might therefore be blocked by 

intact 7B2 by similar mechanisms. A low degree of similarity was found between the C-

terminal half of 7B2 and members of the potato inhibitor I family (Chapter 3). Proteinase 

inhibitors belonging to this family are found in a variety of plants and invertebrates, and 

also include subtilisin inhibitors (Laskowski and Kato, 1980; Seemüller et al., 1980; 

Nozawa et al., 1989). In this respect it is of interest to note that the family of Kex2-like 

enzymes, to which PC2 belongs, is related to the bacterial subtilisins (Seidah and 

Chrétien, 1992). Mutational analysis of 7B2 recently revealed that a small segment in the 

inhibitor-like region is critical for PC2 inhibition (Van Horssen et al., 1995). This 

segment of 7B2 includes its most C-terminal pair of basic residues (Lys17I-Lys172). 

Besides an effect on PC2 activity, recombinant 7B2 was found to associate 

specifically with newly synthesized PC2 in an in vitro binding assay (Chapter 4). Intact 

7B2 binds to the three forms of PC2 (75-kDa proPC2, a 71-kDa cleavage intermediate 

and 69-kDa mature PC2), whereas processed 7B2 was only found to associate with 

proPC2 and the cleavage intermediate. Thus, the N-terminal part of 7B2 seems to be in

volved in the binding of the proregion of proPC2, whereas the C-terminal region of 7B2, 

which is absent in the processed form of 7B2, interacts with a region in mature PC2. The 

exact sites of interaction are yet unknown, but the C-terminal region of 7B2 might well 

bind to the catalytic region of PC2, since this portion of 7B2 is known to be involved in 

the inhibition of PC2 enzyme activity (Van Horssen et al., 1995; Lindberg et al., 1995). 

Furthermore, antibodies directed against the Ν- and C-termini of PC2 were able to 

coimmunoprecipitate 7B2 with PC2, whereas an antibody directed against the catalytic 

region of PC2 only precipitated PC2 and did not coprecipitate 7B2 (unpublished obser

vations). 

Processed 7B2, which represents the domain that is related to molecular chape-

rones, appeared to have no effect on mouse or rat PC2 activity in vitro (Chapter 3; Van 

Horssen et al., 1995). Surprisingly, we found that in vitro this 7B2 fragment strongly 

enhances POMC conversion by Xenopus PC2 (Chapter 6). The mechanism by which PC2 

activity is stimulated by processed 7B2 is as yet unclear but, in view of the in vitro 

binding studies, likely involves the PC2 proregion. 

Propeptides of proteases can serve as inhibitors of their respective enzymes and their 

release is required for activation of the mature enzyme ,. -u et al., 1989; Baker et al., 

1992). 7B2 might therefore be involved in removing the proregion from PC2 after 
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proPC2 conversion. Alternatively, 7B2 may display chaperone activity on Xenopus PC2 

and as such enhance its cleavage activity. 

The role of 7B2: implications and speculations 

The above-mentioned in vivo and in vitro data concerning the interaction between 7B2 and 

PC2 have led to a model for the specific and transient interaction between these two 

proteins in the secretory pathway of neuroendocrine cells (Figure 1). Aspects of this 

model will be discussed below. 

PC2 appears to be the only member of the Kex2-related family that is transiently 

associated with a chaperone-like protein during its biosynthesis and transport. The 

existence of a specific chaperone for a protease that is synthesized as a proenzyme is 

surprising. The proregions of zymogens are generally considered as intramolecular 

chaperones that assist in the folding of their respective enzymes by an intramolecular 

mechanism (Shinde and Inouye, 1994). For instance, the proregion of prosubtilisin has 

been shown to guide the folding of subtilisin (Zhu et al., 1989). The proregion of 

profurin, one of the Kex2-related enzymes, appeared to be indispensable for the gene

ration of the functional endoprotease (Rehemtulla et al., 1989). Apparently, PC2 needs 

an additional chaperone to assist in its proper functioning. This observation raises the 

question what distinguishes PC2 from the other family members. Comparison of the 

primary structures of the vertebrate Kex2-like endoproteases reveals that PC2 is the most 

distant member of this family (Seidah and Chrétien, 1994). Especially striking is the 

presence of an Asp residue at position 285 in the PC2 sequence (numbering refers to 

mammalian PC2) instead of the catalytically important Asn found at this position in other 

members. This conserved residue is predicted to be part of an oxyanion hole, a substrate 

binding site that is believed to stabilize the transition state intermediate of the 

enzyme/substrate complex during substrate processing (Wells and Estell, 1988). 

Interestingly, substitution of Asp285 of proPC2 into an Asn residue was recently found to 

result in a proPC2 mutant which no longer bound 7B2 (Benjannet et al., 1995), 

suggesting that Asp285 in PC2 is important for its interaction with 7B2. Whether PCI or 

furin will interact with 7B2 after substitution of the Asn residue at this position to an 

Asp, remains to be established. 

All vertebrate Kex2-related convertases are localized within secretory pathway 

compartments, but differences exist between their rates of biosynthesis, sites of activation 

and cleavage specificities. The precursors for PC1/PC3 and rurin are cleaved to their 

mature forms in the ER, whereas proPC2 cleavage takes place in a post-Golgi 
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compartment (Molloy et al., 1994; Vey et al., 1994; Bemannet et al., 1993; Shen et al., 

1993; Milgram and Mains, 1994; Zhou and Mains, 1994; Chapter 5). Furin possesses a 

cytoplasmic tail and transmembrane domain that is involved in its accumulation in the 

trans-Golgi network (TGN), the secretory compartment where this enzyme is active 

(Rehemtulla et al., 1992; Molloy et al., 1994; Vey et al., 1994). The soluble prohor

mone convertases PC1/PC3 and PC2 are directed to the regulated secretory pathway, 

where PC1/PC3 is activated slightly earlier than PC2 (Rhodes et al., 1992; Zhou et al., 

1993). No data are yet available on the rates of biosynthesis and maturation of PACE4, 

PC4 and PC5/PC6. Altogether, PC2 differs from the other family members by its late 

maturation in the secretory pathway. For furin and Kex2 it was shown that removal of 

their proregions is a prerequisite for their exit from the ER (Gluschankof and Fuller, 

1994; Molloy et al., 1994; Creemers et al., 1995). Since proPC2 conversion occurs in 

a post-ER compartment, association of the proenzyme with intact 7B2 might be needed 

to prevent retention of proPC2 in the ER. Although PC2 secretion is also observed 

following expression of this enzyme in cells lacking 7B2 (e.g. in oocytes, CHO or BSC40 

cells) (Sherman et al., 1991; Shen et al., 1993; Benjannet et al, 1995), 7B2 might be 

important for proPC2 transport to be efficient. The N-terminal chaperone-like region of 

7B2 could well be involved in this respect, since this part of 7B2 likely interacts with the 

proregion of PC2. 

Besides a role in PC2 transport, an involvement of 7B2 in the late maturation of 

proPC2 should be considered. In view of the observed inhibitory effect of intact 7B2 on 

proPC2 conversion in vitro (Chapters 3 and 5), intact 7B2 might prevent proPC2 

maturation in the early secretory compartments. Although we have not yet demonstrated 

an interaction of proPC2 with the C-terminal fragment of 7B2, it is well possible that this 

portion of 7B2 is responsible for holding proPC2 in its inactive proform after 7B2 

cleavage. This idea is supported by the recent observation that a synthetic peptide 

corresponding to the C-terminal cleavage product of human 7B2 (amino acids 155-185) 

indeed inhibits PC2 enzyme activity in vitro (Lindberg et al., 1995). Maturation of 

proPC2 and substrate cleavage by PC2 takes place in the immature secretory granules. 

In this compartment, the inhibition of proPC2 conversion might be abolished by cleavage 

of the C-terminal 7B2 fragment at Lys17,-Lys172, the site that was demonstrated to be 

essential for inhibitory activity (Van Horssen et al., 1995). Whether this cleavage can be 

accomplished by PC2 itself or involves another endoprotease is unclear. Alternatively, 

the first step in the activation of proPC2 is not processing of the C-terminal 7B2 fragment 

but cleavage of the proregion from proPC2 by a trans-acting endoprotease (presumably 
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Figure 1. Model of the interaction between the neuroendocrine chaperone 7B2 and prohormone 
convertase PC2 during their transit through the secretory pathway of neurons and endocrine cells. 
Soon after its synthesis in the ER, intact 7B2 associates with newly synthesized proPC2. The 7B2/proPC2 
complex enters the Golgi region and is transported via the Golgi stacks to the frani-Golgi network (TGN). 
In the TGN, intact 7B2 is cleaved at its C-terminus and the 18-kDa processed form of 7B2 dissociates from 
proPC2. The C-terminal cleavage fragment of 7B2 (7B2-C) presumably remains associated to proPC2 and 
holds the proenzyme in its inactive form. In the secretory granules the 7B2 C-terminal fragment is further 
cleaved and conversion of proPC2 into its mature form takes place by an autocatalytic reaction. As a result, 
PC2 becomes active and cleaves prohormones or neuropeptide precursors at pairs of basic amino acids. The 
resulting peptides are stored in secretory granules and released from the cell upon stimulation by an 
extracellular signal. 

another molecule of PC2). After propeptide removal, the activated PC2 might be able to 

cleave the associated 7B2 C-fragment and in this way become available for prohormone 

processing. In this manner, 7B2 might prevent premature proPC2 activation in the 

secretory pathway of neuroendocrine cells and allow sequential prohormone cleavages by 

first PC1/PC3 and then PC2. 

Thus far, the possible involvement of 7B2 in proPC2 transport and in the late 

maturation of proPC2 has been discussed. In view of the enhancing effect of the N-

terminal 7B2 fragment on prohormone cleavage by PC2 in vitro (Chapter 6), a role of 
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7B2 in sustaining PC2 activity in the cell, should also be considered. The N-terminal part 

of 7B2 may display chaperone activity towards (pro)PC2 and provide its proper folding, 

even after 7B2 processing in the TGN. Furthermore, since proregions can function as 

inhibitors of their respective enzymes, 7B2 might be involved in the removal of the PC2 

proregion from mature PC2 after proPC2 conversion in the secretory granules. In line 

with these results, recent cotransfection studies with 7B2 and PC2 demonstrated that 7B2 

facilitates proPC2 maturation and activation in neuroendocrine cells (Zhu and Lindberg, 

1995; C.A.M. Broers, J.A.M. Braks, R.P. Kuiper, A.M. Van Horssen, and G.J.M. 

Martens, submitted). 

In conclusion, although the exact mechanism of action of 7B2 is still unknown, 

many questions concerning the role of 7B2 have been answered. We established that 7B2 

is a protein with an intracellular function rather than a precursor for bioactive peptides. 

In vivo and in vitro, 7B2 appeared to selectively interact with the proenzyme form of 

prohormone convertase PC2. Two functional domains within the 7B2 structure have been 

identified and these domains have different effects on (pro)PC2 in vitro. Altogether, the 

neuroendocrine protein 7B2 might be a multifunctional protein involved in the 

physiological regulation of PC2 activity. Since PC2 is an important convertase present 

in many brain regions and endocrine tissues (Hakes et al., 1991 ; Seidah et al., 1991 ; Day 

et al., 1992; Schäfer et al., 1993), 7B2 might be an indispensable factor for the proper 

tuning of neuropeptide and peptide hormone biosynthesis in neuroendocrine cells. 

Future directions 

To get more insight into the significance and the exact mechanism of the interaction 

between 7B2 and PC2, further experimentation is needed. The effect of 7B2 on the 

biosynthesis of PC2 could be studied in vivo by cotransfection of PC2 and 7B2 cDNA 

constructs in neuroendocrine cell lines like AtT20, GH3, ßTC3 and aTC4, or in cell lines 

equipped with only a constitutive pathway of secretion. In addition, these transfected cell 

lines could be used to examine the effect of 7B2 on prohormone (e.g. POMC, proinsulin) 

cleavage by PC2. Another strategy to further investigate the function of 7B2 is its 

elimination from neuroendocrine cells and analyse the effects on PC2 biosynthesis and 

activity. Thus far, we were unable to decrease 7B2 protein levels in neuroendocrine cells 

by antisense 7B2 RNA expression or antisense oligonucleotide treatments (Chapter 7). 

New strategies in this direction may however be successful and provide valuable 

information. In addition to the mutational analyses performed with 7B2, more insight 

concerning the 7B2/PC2 interaction could be obtained by in vitro mutagenesis on PC2. 
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The generation of 7B2-deficient mice via gene knock-out mechanisms will leam us more 

about the role of 7B2 in the living animal. Promoter studies are necessary to investigate 

whether the conserved DNA elements (Chapter 8) are indeed involved in 7B2 gene 

regulation. 

With the present knowledge on the function of 7B2, it is of interest to investigate 

the possible involvement of this protein in neuroendocrine diseases. The human 7B2 gene 

has been localized to the chromosomal subregion 15ql3-ql4 (Roebroek et al., 1989; 

Mattei et al., 1990), a region within chromosome 15 that is known to be unstable 

(Magenis et al., 1990). A deletion in the region 15qll-ql3 is often found in patients 

suffering from Prader-Willi syndrome (Ledbetter et al., 1981). In most but not all 

patients with this syndrome, expression of 7B2 appeared to be modified (Gabreëls et al., 

1994). Studies on the involvement of 7B2 in this syndrome and other neurological 

disorders can be of clinical importance. 

At present it is unknown whether 7B2 or a 7B2-like protein is also present in 

invertebrates. PC2 has been identified in a number of invertebrate species (Smit et al., 

1992; Ouimet et al., 1993) and therefore 7B2 is expected to be expressed in neuroen

docrine tissues of these animals as well. Attempts to identify 7B2 in invertebrates by 

using anti-7B2 antibodies, 7B2 nucleic acid probes under low-stringent hybridization 

conditions or 7B2-degenerate primers and PCR have not been successful. Now, a new 

approach for identifying 7B2 in lower animals is possible, namely by coim-

munoprecipitation of 7B2 with PC2 using anti-PC2 antibodies. 

In view of its role as a chápenme for a prohormone convertase, 7B2 could be a 

useful tool for the efficient production of hormones and neuropeptides in biotechnological 

systems. Furthermore, protein engineering of 7B2 may lead to novel chaperones or 

enzyme inhibitors that could be valuable in a wide range of biotechnological and medical 

applications. 

The identification of a private molecular chaperone for one of the Kex2-related 

endoproteases raises the question whether other members of this family are also assisted 

by specific helper proteins. Thus far, no proteins have been found to be specifically 

associated with furin or PC1/PC3 during their biosynthesis. Also, one can wonder 

whether 7B2-related proteins exist. Preliminary experiments using degenerate 7B2 

primers and PCR have not led to such novel proteins. 

7B2 has been classified to the granin family (Huttner et al., 1991). In this respect, 

a role of the other granin members as molecular chaperones should be considered. It is 

interesting to note that chromogranin В was recently found to be involved in the sorting 
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of POMC to the regulated secretory pathway (Huttner and Natori, 1995). Whether other 

granins have comparable roles as helper proteins in the regulated secretory pathway 

remains to be investigated. 

In conclusion, our identification of a neuroendocrine chaperone specific for a 

prohormone convertase has opened new avenues for research on the functioning of the 

regulated secretory pathway in neuroendocrine cells. 
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Summary 

Neurons and endocrine cells are specialized in the production and secretion of neuropep

tides and hormones. These cells are equipped with a unique pathway of protein secretion, 

called the regulated secretory pathway. In this pathway, precursor proteins for 

neuropeptides and peptide hormones are processed into their biologically active products, 

which are then stored in the cell until an extracellular signal induces their release. Besides 

the production of neuropeptide precursors and prohormones, neuroendocrine cells syn

thesize proteins that are involved in folding, transport, processing and secretion of secre

tory proteins. To identify and study components of the regulated secretory pathway, we 

make use of intermediate pituitary cells of the amphibian Xenopus laevis. In these cells, 

the biosynthetic activity for production and processing of the prohormone proopiomelan-

cortin (POMC) can be physiologically manipulated through the process of background 

adaptation of the animal. POMC is the precursor for the melanophore-stimulating 

hormone aMSH, a hormone that induces pigment dispersion in the amphibian skin, 

causing darkening of the animal. By differential screening of a cDNA library of inter

mediate pituitaries of black-adapted Xenopus, cDNA clones were selected that encode 

proteins which are coexpressed with POMC. These proteins might be involved in the 

process of peptide hormone production and secretion. One of the selected clones encoded 

the neuroendocrine polypeptide 7B2. Others have shown that 7B2 is selectively present 

in the secretory pathway of a wide variety of neuroendocrine cells. Biosynthetic studies 

revealed that 7B2 is synthesized as a 25-29-kDa protein that is processed to a 18-21-kDa 

secretory product. Its function is however not known and both intra- and extracellular 

roles have been suggested. In this thesis the biological role of 7B2 was investigated. 

The Xenopus 7B2 cDNA clone isolated by the differential screening approach, 

encoded only part of the 7B2 protein, and therefore the intermediate pituitary cDNA 

library was rescreened and a full-length 7B2 cDNA was isolated (Chapter 1). This cDNA 

likely corresponds to a second gene transcript expressed in Xenopus. Comparison of the 

7B2 protein structures of a number of species revealed that 7B2 is remarkably well-

conserved throughout vertebrate evolution. 

A full-length cDNA clone encoding the subtilisin-like prohormone convelíase PC2 

was isolated by screening of the Xenopus intermediate pituitary cDNA library with a 

corresponding human probe (Chapter 2). Together with prohormone convertase PC 1, PC2 

is responsible for the cleavage of prohormones and neuropeptide precursors at pairs of 

basic amino acids in the secretory granules of neuroendocrine cells. Comparison of the 

Xenopus PC2 structure with its mammalian counterparts revealed that PC2 is a highly 

conserved enzyme. In Xenopus intermediate pituitary, PC2 expression appeared to be 
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coregulated with the expression of POMC. This is in line with the proposed role of PC2 

as the processing enzyme converting POMC to aMSH. 

For functional studies on 7B2, recombinant intact and processed 7B2 were 

produced in Escherichia coli and purified to near homogeneity. In collaboration with Iris 

Lindberg (New Orleans, USA), an in vitro enzyme assay was performed showing that 

recombinant intact 7B2, but not the processed form of 7B2, strongly inhibits PC2 enzyme 

activity (Chapter 3). No effects of 7B2 were found on the activity of the PC2-reIated 

endoprotease PCI. In addition, intact 7B2 appeared to inhibit in vitro conversion of 

proPC2 to the mature enzyme, a process that is thought to be autocatalytic. Interestingly, 

the C-terminal half of the 7B2 sequence was found to display a low degree of similarity 

with members of the potato inhibitor I family which includes subtilisin inhibitors. 

The N-terminal half of the 7B2 structure was found to be distantly related to a 

subclass of molecular chaperones, the so-called chaperonins (Chapter 4). Molecular 

chaperones are proteins that transiently bind to other proteins and assist their proper 

folding or facilitate the transport to their correct intracellular fate. Incubation of 

recombinant 7B2 with newly synthesized proteins from Xenopus intermediate pituitary 

resulted in the specific binding of 7B2 to PC2, indicating that PC2 is a substrate for 7B2. 

Biosynthetic labeling studies combined with crosslinking and coimmunoprecipitation 

analysis showed that in intermediate pituitaries newly synthesized intact 7B2, but not 

processed 7B2, is specifically associated with the inactive proform of PC2. Pulse-chase 

analysis revealed that the interaction between 7B2 and proPC2 starts soon after their 

synthesis and that dissociation takes place in a late secretory compartment. Together, 

these results suggest that 7B2 is a molecular chaperone preventing premature activation 

of proPC2 in the regulated secretory pathway. 

The in vivo interaction between 7B2 and PC2 was studied in more detail in 

Xenopus and mouse intermediate pituitaries (Chapter 5). The association of intact 7B2 

with proPC2 appeared to be initiated in the endoplasmic reticulum. It was shown that dis

sociation of the 7B2/proPC2 complex coincides with 7B2 cleavage in the rrans-Golgi net

work, but clearly precedes proPC2 conversion. It was further demonstrated that a short 

C-terminal fragment of 7B2 is sufficient for the inhibition of proPC2 conversion in vitro. 

These results indicate that, after processing of 7B2 in the secretory pathway, the C-ter

minal fragment of 7B2 may remain associated with proPC2 and may hold the proenzyme 

in its inactive form until the appropriate compartment for activation is reached. 

In Chapter 6 it was demonstrated that recombinant processed 7B2 can enhance the 

conversion of newly synthesized POMC in lysates of Xenopus intermediate pituitary. This 
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conversion appeared to be the result of an enhancing effect of processed 7B2 on the 

cleavage activity of Xenopus PC2. The exact mechanism of activation is unknown but the 

results indicate that processed 7B2 can display chápenme activity towards PC2. 

The mouse anterior pituitary cell line AtT20 was used to investigate the possibility 

that 7B2 interacts with neuroendocrine proteins other than PC2 (Chapter 7). By cDNA 

transfection, 7B2 was overexpressed (~20 times) in AtT20 cells, but no effects of this 

treatment were found on the biosynthesis of PCI nor on the processing of POMC and the 

secretion of POMC-derived products. 7B2 might thus be a specific chápenme for PC2. 

The 7B2-overproducing AtT20 cells can now be used to further investigate the role of 

7B2 in proPC2 biosynthesis and activation. 

Chapter 8 describes the structure of the 7B2 gene and contains an analysis of the 

human 7B2 gene promoter. The exon/intron division of the 7B2 gene is highly conserved. 

The 7B2 promoter region is not well conserved between the rat and human genes, but 

heat-shock-element-like sequences were identified in both sequences. However, although 

a heat shock increased the amount of 7B2 protein in Xenopus intermediate pituitaries, the 

steady state level of 7B2 mRNA was not affected. Finally, a number of common putative 

regulatory elements were found in the gene promoters of 7B2 and other neuroendocrine-

specific proteins, like POMC, PCI and PC2. The significance of these elements remains 

to be investigated. 

In the General Discussion section our view concerning the physiological role of 

7B2 in the secretory pathway of neuroendocrine cells is presented. The 7B2 protein 

appears to consist of two functional domains. The N-terminal part of the protein might 

well fulfil a chaperone role, assisting the folding, transport and/or activation of (pro)PC2 

in neuroendocrine cells. The C-terminal segment of 7B2 represents an inhibitor of PC2 

enzyme activity and might prevent premature activation of the enzyme in the regulated 

secretory pathway. 

In conclusion, through its transient interaction with PC2, 7B2 might be an 

important regulatory factor during the biosynthesis of neuropeptides and peptide hormones 

in neuronal and endocrine cells. 
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Samenvatting 

Voor het goed functioneren van mens en dier is het van belang dat de verschillende 

weefsels en organen optimaal op elkaar en op de omgeving zijn afgestemd. Om dit te 

regelen worden er in het lichaam speciale boodschappermoleculen gemaakt die de 

contacten onderhouden tussen de verschillende lichaamscellen. Een belangrijke groep van 

boodschappermoleculen wordt gevormd door de peptide-hormonen. Deze eiwitten worden 

geproduceerd door endocriene klieren, zoals bijvoorbeeld de schildklier (schildklierho-

rmoon), de alvleesklier (o.a. insuline) en het hersenaanhangsel, ook hypofyse genoemd 

(o.a. groeihormoon, het stress-hormoon ACTH en de opiaat endorfine). Veel peptide-

hormonen worden in de endocriene cellen van de klieren in eerste instantie aangemaakt 

in de vorm van een niet werkzaam voorloper-eiwit, het zogenaamde prohormoon. Direct 

na hun productie komen de prohormonen terecht in de secretieroute; een systeem van 

blaasjes dat de eiwitten naar de rand van de cel vervoert en ervoor zorgt dat de hormonen 

uiteindelijk aan het bloed worden afgegeven. In de secretieroute doorlopen de eiwitten 

achtereenvolgens 1) het endoplasmatisch reticulum, 2) het Golgi-apparaat en 3) de 

secretiegranula. Tijdens hun tocht door deze celstructuren ondergaan de prohormonen 

diverse veranderingen. Zo worden ze bijvoorbeeld in kleinere stukken geknipt door 

speciale eiwitten, de klievingsenzymen. Naast deze enzymen zijn er nog diverse andere 

eiwitten in de endocriene cel aanwezig die betrokken zijn bij de totstandkoming van een 

werkzaam hormoon. In zenuwcellen (neuronen) bestaat een vergelijkbaar systeem voor 

de aanmaak en afgifte van peptiden die actief zijn in het zenuwstelsel (neuropeptiden). 

Om de secretieroute en de eiwitten die hierbij van belang zijn goed te kunnen 

bestuderen, werd als modelsysteem de Zuidafrikaanse klauwpad Xenopus laevis gebruikt. 

Wanneer deze pad zich op een zwarte ondergrond bevindt, maken speciale cellen in de 

hypofyse het hormoon MSH. Dit hormoon stimuleert de verspreiding van pigment in de 

huid van de amfibie, waardoor deze donkerder kleurt. De MSH-cellen produceren dus 

veel van het hormoon in zwarte en weinig in witte padden. Door de toepassing van een 

speciaal ontwikkelde techniek (differentiële hybridisatie) werden diverse eiwitten ontdekt 

die net als MSH verhoogd worden aangemaakt in MSH-cellen van zwarte padden. Naar 

verwachting zijn dit eiwitten die op één of andere manier betrokken zijn bij de aanmaak 

en afgifte van hormonen. 

Eén van de ontdekkingen betrof het eiwit 7B2. Dit eiwit bleek specifiek voor te 

komen in zenuwcellen en endocriene cellen. Uit verder onderzoek bleek dat 7B2 (net als 

de prohormonen) in de secretieroute geknipt wordt tot een kleiner eiwit dat vervolgens 

door de cel wordt afgegeven. De betekenis van 7B2 voor de cel of voor het lichaam was 

echter onbekend. Het doel van het in dit proefschrift beschreven onderzoek was de 
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opheldering van de functie van 7B2. 

In het eerste hoofdstuk wordt de aminozuurvolgorde van het 7B2-eiwit van de 

klauwpad beschreven. Tot dusver was deze nog niet geheel bekend. Uit een vergelijking 

van de aminozuurvolgorde van 7B2 in Xenopus met die van andere diersoorten bleek dat 

de structuur van dit eiwit tijdens de evolutie weinig is veranderd. Dit duidde op een 

belangrijke functie van 7B2. 

Behalve van 7B2 werd ook de complete aminozuurvolgorde opgehelderd van PC2, 

een ander eiwit dat in de MSH-cellen van zwarte klauwpadden veel wordt aangemaakt 

(Hoofdstuk 2). PC2 was al bekend in zoogdieren en is een belangrijk klievingsenzym dat 

in een groot aantal endocriene cellen en zenuwcellen prohormonen en andere voorloper-

eiwitten knipt. In de MSH-cellen is PC2 verantwoordelijk voor het knippen van het 

prohormoon POMC tot het hormoon MSH. 

Om de functie van 7B2 te achterhalen, werd de structuur van het eiwit uitgebreid 

bekeken en vergeleken met die van andere eiwitten. Er bleek een overeenkomst te bestaan 

tussen de voorste helft van 7B2 en een groep van eiwitten die chaperonnes worden 

genoemd (Hoofdstuk 4). Zoals hun naam al suggereert, doen deze eiwitten dienst als 

begeleiders en controleurs van andere eiwitten in de cel. Zo kan een chaperonne 

betrokken zijn bij het vervoer of de vouwing van een eiwit door er tijdelijk aan te binden. 

Het 7B2-eiwit bleek inderdaad in staat om, zowel in de reageerbuis als in levende cellen, 

aan een ander eiwit te binden (Hoofdstuk 4). Dit eiwit bleek het eerdergenoemde 

klievingsenzym PC2 te zijn. Studies met de Xenopus MSH-cellen toonden aan dat 7B2 

alleen in het begin van de secretieroute gebonden is aan PC2. PC2 is dan nog aanwezig 

als een groot, niet-actief eiwit. In de secretiegranula, waar PC2 actief wordt en de 

prohormonen knipt, werd geen binding meer gevonden tussen 7B2 en PC2. 

In Hoofdstuk 3 werd bestudeerd of de binding tussen 7B2 en PC2 invloed heeft 

op het vermogen van PC2 om eiwitten te knippen. Het bleek dat alleen de grote, nog niet 

geknipte, vorm van 7B2, de activiteit van PC2 sterk remt. Bovendien werd vastgesteld 

dat 7B2 kan verhinderen dat PC2 van zijn grote, niet-actieve vorm wordt omgezet in het 

kleinere, actieve enzym. 

Vervolgens werd de binding van 7B2 aan PC2 in MSH-cellen van Xenopus en 

muis aan een nader onderzoek onderworpen (Hoofdstuk 5). De grote vorm van 7B2 en 

de grote vorm van PC2 bleken al in het endoplasmatisch reticulum aan elkaar te hechten. 

Vervolgens wordt in het Golgi-apparaat 7B2 geknipt en vanaf dat moment blijkt het 

kleinere 7B2 niet meer aan PC2 te binden. PC2 blijft nog in zijn grote, niet-actieve vorm 

tot het de secretiegranula heeft bereikt en wordt dan ook geknipt. In de reageerbuis werd 
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aangetoond dat het stukje eiwit dat van 7B2 wordt afgeknipt nog steeds in staat is om te 

voorkomen dat PC2 verandert van zijn niet-actieve tot zijn actieve vorm. Dit zou kunnen 

betekenen dat in de cel dit stukje eiwit, nadat het van 7B2 is afgeknipt, nog enige tijd aan 

PC2 gehecht blijft en op die manier PC2 inactief houdt totdat het de secretiegranula heeft 

bereikt. 

Het achterste gedeelte van het 7B2-eiwit kan dus het actief worden van PC2 

verhinderen. Het voorste gedeelte van 7B2 (dat lijkt op de chaperonne-eiwitten) bleek ook 

een effect te hebben op PC2. Het prohormoon POMC werd veel beter geknipt door PC2 

als ook 7B2 aanwezig was in de reageerbuis (Hoofdstuk 6). Dit duidt erop dat dit 

gedeelte van 7B2 inderdaad een rol zou kunnen spelen als chaperonne voor PC2 en 

assisteert bij de vouwing of activering van dit enzym. 

Om te zien of 7B2 behalve op PC2 ook effect heeft op PCI, een verwant enzym 

dat ook prohormonen knipt, werd 7B2 bestudeerd in tumorcellen (AtT20 cellen) die veel 

PCI aanmaken (Hoofdstuk 7). Om dit goed te kunnen doen werd de aanmaak van 7B2 

in de AtT20 cellen kunstmatig zo'n 20 maal verhoogd. Dit was mogelijk door een stuk 

DNA dat de informatie voor het 7B2-eiwit bevat (het 7B2-gen) in deze cellen te brengen. 

Er werd geen effect gevonden van 7B2 op de aanmaak van PCI of op het knippen van 

prohormonen door dit enzym. Deze resultaten wijzen erop dat 7B2 alleen reageert met 

PC2 en niet met andere klievingsenzymen. 

In Hoofdstuk 8 wordt de structuur van het gen voor 7B2 beschreven en wordt de 

promoter, het gedeelte dat het aflezen van het gen regelt, geanalyseerd. De opbouw van 

het 7B2-gen blijkt tijdens de evolutie weinig te zijn veranderd. Het promotergebied van 

het 7B2-gen verschilt echter sterk tussen rat en mens. Niettemin werden er in dit gebied 

regio's gevonden die in andere genen (o.a. in genen van chaperonnes) zorgen voor een 

verhoogde aanmaak van eiwit bij een verhoging van de temperatuur. Het bleek dat MSH-

cellen na een hittebehandeling inderdaad meer 7B2-eiwit produceerden. De aanmaak van 

7B2-RNA (RNA vormt de intermediair tussen een gen en een eiwit) was vreemd genoeg 

niet hoger en dus is het onduidelijk of deze gen-regio's belangrijk zijn. Er werden nog 

diverse andere regio's in de genpromoter gevonden die mogelijk betrokken zijn bij de 

regulatie van het 7B2-gen. De betekenis hiervan is echter nog niet duidelijk. 

In de algemene discussie wordt dieper ingegaan op de mogelijke rol van 7B2 in 

de secretieroute van zenuwcellen en endocriene cellen. Het 7B2-eiwit lijkt uit twee 

gedeeltes te bestaan. Het voorste deel zou een chaperonne-functie kunnen vervullen en 

als zodanig betrokken kunnen zijn bij de vouwing, het transport en/of de activering van 

PC2 in de cel. Het achterste gedeelte van 7B2 is in staat de activiteit van PC2 te remmen 
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en voorkomt mogelijk dat PC2 voortijdig actief wordt in de secretieroute. Aangezien PC2 

het belangrijkste klievingsenzym is in endocriene klieren en het zenuwstelsel, zou 7B2 

een onmisbare factor kunnen zijn voor de juiste aanmaak van hormonen en neuropepti

den. Verder onderzoek zal moeten uitwijzen of het 7B2-eiwit betrokken is bij het ontstaan 

van bepaalde hormonale afwijkingen of geestesziekten. 
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