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Cleavage in the GDPH sequence of the C-terminal cysteine-rich part of the human MUC5AC mucin
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INTRODUCTION

Mucins are large glycoproteins found on epithelial surfaces throughout the body. They can be divided as being either membrane-bound or secreted. Nine membrane-bound (MUC1, MUC3A, MUC3B, MUC4, MUC12, MUC13, MUC16, MUC 17, and MUC20) [START_REF] Gendler | Molecular cloning and expression of human tumor-associated polymorphic epithelial mucin[END_REF][START_REF] Gum | Molecular cloning of cDNAs derived from a novel human intestinal mucin gene[END_REF][START_REF] Pratt | Multiple transcripts of MUC3: evidence for two genes, MUC3A and MUC3B[END_REF][START_REF] Williams | Two Novel Mucin Genes Down-Regulated in Colorectal Cancer Identified by Differential Display[END_REF][START_REF] Moniaux | Complete sequence of the human mucin MUC4: a putative cell membrane-associated mucin[END_REF][START_REF] Williams | MUC13, a Novel Human Cell Surface Mucin Expressed by Epithelial and Hemopoietic Cells[END_REF][START_REF] Yin | Molecular Cloning of the CA125 Ovarian Cancer Antigen[END_REF][START_REF] Gum | MUC17, a novel membrane-tethered mucin[END_REF][9] and six secreted mucins (MUC2, MUC5B, MUC5AC, MUC6, MUC7 and MUC19) [START_REF] Gum | Molecular cloning of human intestinal mucin (MUC2) cDNA. Identification of the amino terminus and overall sequence similarity to prepro-von Willebrand factor[END_REF][START_REF] Desseyn | Genomic Organization of the Human Mucin Gene MUC5B[END_REF][START_REF] Li | Cloning of the Amino-terminal and 5'-Flanking Region of the Human MUC5AC Mucin Gene and Transcriptional Up-regulation by Bacterial Exoproducts[END_REF][START_REF] Toribara | Human gastric mucin. Identification of a unique species by expression cloning[END_REF][START_REF] Bobek | Molecular cloning, sequence, and specificity of expression of the gene encoding the low molecular weight human salivary mucin (MUC7)[END_REF][START_REF] Chen | Genome-wide search and identification of a novel gel-forming mucin MUC19/Muc19 in glandular tissues[END_REF] have been described so far. The secreted mucins can be further sub-divided into gel-forming (MUC2, MUC5B, MUC5AC, MUC6 and MUC19) and nongel-forming mucins (MUC7). The gel-forming mucins constitute the main structural component of the mucus gel protecting the underlying epithelia. For the mucus gel to exhibit its protective role it is important for the mucins to have the right properties and alterations in these properties are associated with pathological conditions. An example of this is cystic fibrosis, where the mucus layer, due to dehydration appears very viscous and sticky [START_REF] Perez-Vilar | Reevaluating gel-forming mucins' roles in cystic fibrosis lung disease[END_REF]. As a consequence, these patients suffer from mucus plugging in their airways leading to persistent and chronic infections. An event that has been proposed to influence the properties of the mucus gel is proteolytic cleavages of the mucins. For instance, a yet undefined cleavage in the N-terminal region of MUC5B has been proposed to bring the mucin from the gel-into the sol-phase [START_REF] Wickstrom | N-terminal Cleavage of the Salivary MUC5B Mucin[END_REF]. We have previously studied a cleavage in the GDPH-sequence located in the C-terminal cysteine-rich part of the human MUC2 mucin [18]. This cleavage was a relatively slow non-enzymatic process taking place at a pH below 6. Neutralization of the acidic pH of the later parts of the secretory pathway inhibited the cleavage, suggesting that it could occur naturally in this environment.

Furthermore, the cleavage resulted in the formation of a reactive anhydride at the newly formed C-terminus giving the mucin the capacity to covalently link to other molecules. As MUC5AC, the main gel-forming mucin expressed in the goblet cells of the airways and stomach, also contains the GDPH-sequence and shows high sequence similarities to MUC2 in the area surrounding this sequence, we hypothesized that the MUC5AC mucin should undergo a similar cleavage. However, no cleavage has previously been reported to occur in the GDPH-sequence of MUC5AC. By expressing the C-terminal cysteine-rich part of the human MUC5AC mucin recombinantly in CHO-K1 cells we show that MUC5AC indeed is partially cleaved in its GDPH-sequence. By using an antibody reacting with the C-terminal cleavage fragment, the cleavage could also be verified to occur in wild-type MUC5AC isolated from HT-29 cells. In contrast to the cleavage of MUC2, the MUC5AC cleavage is initiated already in the neutral endoplasmic reticulum (ER). An ER-localized cleavage in the GDPH-sequence of the membrane-bound MUC4 mucin was recently suggested to be due to the action of a serine protease since the serine protease inhibitor Pefabloc SC inhibited the

Metabolic labeling

Confluent cells were metabolically labeled by preincubation in Met-and Cys-free Dulbecco's minimal essential medium (Bio Whittaker) containing 10 % (v/v) fetal bovine serum for 1 h followed by addition of Redivue Pro-mix L-[ 35 S] (Amersham Biosciences) to a final concentration of 72 µCi ml -1 . After incubation for 6 h cell lysates and media were prepared.

For pulse-chase studies, the labeling mix was removed after 5 or 15 min, the cells washed ones with phosphate buffered saline (PBS) and chased with normal cell culture media with excess of Met and Cys (15 and 25 µg /ml, respectively).

Preparation of cell lysates and media

Cells washed with ice-cold PBS were lysed in lysis buffer (50 mM Tris-HCl pH 7.9, 150 mM NaCl, 1% (v/v) Triton X-100) containing protease inhibitors (2X Complete, EDTA Free (Roche)), 5 mM EDTA and 5 mM N-ethylmaleimide (NEM) (Sigma-Aldrich), sonicated (intensity 15) for 3 x 2 seconds (MSE Soniprep 100 sonifier), and the cell debris was removed by centrifugation (16000 x g for 10 minutes, 4°C). The media was supplemented with protease inhibitors, EDTA and NEM (as above) and cleared by centrifugation. When preparing cell lysates from HT-29 cells, the cells were washed and lysed in lysis buffer as above. The lysates were incubated for 1 h at 4°C before removing cell debris by centrifugation (1000 x g for 10 minutes, 4°C).

Immunoprecipitation and gel electrophoresis

Immunoprecipitations from the CHO-K1 cells were performed by goat anti-mouse IgG coupled magnetic beads (Dynabeads, Dynal) precoated with α-myc mAb as described earlier [18]. Immunopreciptation of wild-type MUC5AC was performed with α-MUC5ACCR antiserum precoated on Protein G Sepharose beads (Santa Cruz) and the immunocomplexes washed six times with lysis buffer. Immunoprecipitated material was released in sample buffer with or without 100 mM DTT for 5 min at 95°C and analyzed by discontinuous SDS-PAGE [START_REF] Laemmli | Cleavage of structural proteins during the assembly of the head of bacteriophage T4[END_REF]. After analysis of radiolabeled samples, the gels were fixed and subjected to autoradiography as described earlier [18]. The molecular markers used were the [ 

Western blotting and immunodetection

The proteins were transferred to PVDF membranes (Immobilon-P SQ , 0.20 µm, Millipore) as described earlier [18]. After blotting, the membranes were placed in blocking solution and incubated over night at 4°C. PBS containing 5% (w/v) milk powder and 0.1% (v/v) Tween-20 was used as blocking solution when using the α-myc mAb and 62M1 mAb for detection.

Bovine serum albumin (2% (w/v)) in 10 mM Tris-HCl, 100 mM NaCl, 0.1% (v/v) Tween-20, pH 7.5 was used as blocking solution when the α-His 5 mAb and streptavidin-AP were used for detection. After blocking, the membranes were incubated with either α-myc mAb (1 µg/ml), α-His 5 mAb (100 ng/ml), 62M1 mAb (1/1000) or streptavidin-AP (1/1000) in blocking solution for 2 h at RT. The membranes were washed 3x5 min with PBS-T (PBS containing 0.1% (v/v) Tween-20) and incubated with Goat-α-Mouse-HRP (10 ng/ml) or Goat-α-Mouse-AP (1/1000) in blocking solution for 1 h at RT. The membranes were developed with Supersignal Westpico (Pierce) or NBT/BCIP (Promega).

Glycosidase and serine protease inhibitor treatments

Immunoprecipitated (using α-myc mAb) cell lysates and media were treated for 15 h at 37ºC, while still attached to the magnetic beads, with either Endoglycosidase H (Endo H; 250 mU/ml) (Roche), O-glycosidase (20 mU/ml) (Roche), neuraminidase (50 mU/ml) (Roche) or a combination of the latter two enzymes, in 90 mM sodium citrate, 4 mM CaCl 2 , pH 6.0. For serine protease inhibitor treatment, the cells were starved (1 h) and labeled (4 h) with 200 µM Pefabloc SC (Roche) present.

Neutralization of the secretory pathway

When NH 4 Cl was used, the cells were preincubated (12 h), pretreated (1 h) and radiolabeled (6 h) with 25 mM NH 4 Cl present in the media. When Bafilomycin A1 (a kind gift from AstraZeneca, Mölndal, Sweden) was used it was present at 300 nM during the starvation and labeling steps.

Purification of secreted M-MUC5AC-CH

Spent culture media from CHO-K1-pSM-MUC5AC-CH cells were desalted and the buffer changed to PBS, using PD-10 columns (Amersham Biosciences). After addition of NaCl to 500 mM the sample was loaded on a 1 ml HiTrap Chelating HP column (Amersham Biosciences) charged with Co 2+ . Following a wash with 20 mM Na-Phosphate buffer, pH 7.4, 

Edman sequencing

Purified M-MUC5AC-CH was separated by SDS-PAGE, blotted to a PVDF membrane, and stained with Coomassie [18]. The band corresponding to the C-terminal cleavage fragment was cut out and sequenced on a Procise 492 Protein Sequencer (Applied Biosystems).

pH-dependence of the cleavage reaction

Aliquots of radiolabeled and α-myc immunoprecipitated material from CHO-K1-pSM-MUC5AC-CH cell lysates and fresh media were treated in citric acid-Na 2 HPO 4 buffers [START_REF] Mcilvaine | A buffer solution for colorimetric comparison[END_REF] of different pH for different times at 37°C before terminated by the addition of sample buffer.

Linking of a biotinylating agent to the cleavage product

Fresh media from CHO-K1-pSM-MUC5AC-CH cells was immunoprecipitated with α-myc mAb-coated magnetic beads. Aliquots of the precipitated material were incubated for 1 h at 37ºC in either a citric acid-Na 2 HPO 4 buffer, pH 7.2 or pH 5.4 in the presence of 1.5 µmol biotin ethylenediamine hydrobromide (B-EDA) (Sigma). 

RESULTS

Expression of a recombinant MUC5AC C-terminus in CHO-K1 cells

To study the C-terminal cysteine-rich part of the human MUC5AC mucin, a plasmid (pSM-MUC5AC-CH) encoding the last 1041 amino acids of the mucin was constructed. A mycTag was added to the N-terminal end, a HisTag to its C-terminal end and the Igκ-chain signal sequence was used to direct the protein synthesis to the secretory pathway. The construct was transfected into CHO-K1 cells and stable clones selected for expression of the recombinant protein (M-MUC5AC-CH) (Figure 1A). One of the clones, CHO-K1-pSM-MUC5AC-CH, was used for further studies.

Cell lysates and spent media from the CHO-K1-pSM-MUC5AC-CH cells were analyzed by SDS-PAGE and Western blot using either the α-myc mAb (Figure 1B) or α-His 5 mAb (Figure 1C) for detection. When the cell lysate was analyzed under non-reducing conditions a single band migrating with an estimated apparent molecular mass of approximately 270 kDa was detected with both antibodies (Di ic , Figures 1B and1C). If the same cell lysate was analyzed under reducing conditions, three bands were observed. One band, detected by both antibodies, migrated with an estimated mass of about 150 kDa, a size compatible with the monomeric M-MUC5AC-CH (Mono ic , Figures 1B and1C). In addition to this band, the αmyc mAb detected a band migrating at about 40 kDa (M-C1 ic , Figure 1B), and the α-His 5 mAb another band at around 105 kDa (C2 ic , Figure 1C), indicating that the protein was cleaved at one position. The analyses of the spent cell culture media under non-reducing conditions showed a single band, detected with both antibodies, migrating at approximately 330 kDa (Di ec , Figures 1B and1C). Separation of the media under reducing conditions showed three bands. One band migrating at about 190 kDa was detected with both antibodies (Mono ec , Figures 1B and1C) while the other bands migrating at 55 and 130 kDa were detected with the α-myc mAb (M-C1 ec , Figure 1B) or α-His 5 mAb (C2 ec , Figure 1C), respectively. Taken together, these results indicate that the protein forms disulfide-linked dimers and that the protein is partially cleaved at one position. That the cleavage is only observed after reduction shows that the fragments are still held together by disulfide bonds after the cleavage. That the secreted protein migrates with a higher apparent molecular mass compared to the intracellular form is probably due to differences in glycosylation. This has been shown for MUC2, where the intracellular form carried N-glycans of high-mannose type as for ER-localized proteins while the secreted form contained O-glycans added in the Golgi Copyright 2006 Biochemical Society protein was then treated with glycosidases or buffer alone followed by analysis by SDS-PAGE and Western blotting using the α-His 5 mAb for detection (Figure 1D). The results confirm that the intracellular M-MUC5AC-CH contains N-glycans of high-mannose type as the treatment with Endo H causes both the intact monomer and C-terminal cleavage fragment to migrate faster. The secreted M-MUC5AC-CH is on the other hand resistant to the Endo H treatment. Instead the secreted form is sensitive to the combined treatment with neuraminidase and O-glycosidase while the intracellular form is resistant to this treatment.

Hence the intracellular form is likely to represent an ER-localized form while the secreted form has passed this compartment and attained its O-glycans in the Golgi apparatus before secretion. The fact that O-glycosidase alone could not remove the O-glycans is in agreement with the observation that CHO-K1 produces mainly mono-and disialylated Gal-GalNAc-Oglycans where the sialic acids make the glycan chain resistant to O-glycosidase treatment [START_REF] Backstrom | BJ20060443 Copyright 2006 Biochemical Society Recombinant MUC1 mucin with a breast cancer-like O-glycosylation produced in large amounts in Chinese-hamster ovary cells[END_REF]. The results thus indicate that the protein, in contrast to the C-terminus of MUC2, can be cleaved early, in the non-acidic parts of the secretory pathway, presumably already in the ER.

They also indicate that the disulfide-linked dimers that are formed between wild-type MUC5AC in the ER [START_REF] Asker | Human MUC5AC mucin dimerizes in the rough endoplasmic reticulum, similarly to the MUC2 mucin[END_REF], are formed via their C-terminal cysteine-rich parts.

Pulse-chase studies of cells expressing the recombinant MUC5AC C-terminus

To analyze the assembly of the recombinant MUC5AC C-terminus, pulse-chase studies were performed. When the cell lysates were analyzed under non-reducing conditions, the monomer was observed already after the 15 min pulse (Figure 2A). The monomer was rapidly converted into an intracellular dimer (appearing after 15 min) and after 45 min no monomers were detected. The dimer reached its peak between 45 and 60 min when also a smear appeared above it, likely representing more fully glycosylated forms. A band migrating as the fully glycosylated form appeared in the cell culture media after 45min. When the analyzes were performed under reducing conditions (Figure 2B), the monomer was present in the cell lysate already after the 15 min pulse, and reached a maximum level between 45 and 60 min.

After 30 min, a band migrating at around 105 kDa (representing the C2 ic -fragment) appeared in the cell lysate. The reduced monomer emerged in the media after 45 min accompanied by a band migrating as the C2 ec -fragment (at about 130 kDa). After longer exposure, also the M-C1 ec -fragment could be detected in the media (results not shown). The recombinant protein seems to be slow in passing the ER quality control system as ER-localized material is still seen after a 3 hour chase. To further investigate this, a pulse-chase study with a shorter pulse (5 min) and longer chase-times was performed (Figure 2C). Analysis under reducing Copyright 2006 Biochemical Society conditions indicated that even after 6 hours some intracellular MUC5AC C-terminus was detected. While the intracellular monomer reached its highest level after 60 min and then diminished, the C2 ic -fragment appeared after 30 min and remained at the same level through all the chase-times. This suggests that the cleavage occurs late in ER or in a compartment just after the ER, but before trimming of the high-mannose type glycans, and that the intensity of the C2 ic -fragment reflects the steady-state level of the protein in this compartment before a more rapid transportation out into the media. It is also noticeable that the amount of cleaved protein seems to be relatively higher in the medium compared to intracellularly, suggesting that further cleavage might occur after the protein has passed the ER.

Localization of the cleavage-site by Edman sequencing

To localize the cleavage site, secreted M-MUC5AC-CH was purified from spent cell culture media, separated by SDS-PAGE, blotted to a PVDF membrane, and stained with Coomassie (Figure 3A). The band corresponding to the C-terminal cleavage fragment (C2 ec ) was excised and subjected to Edman sequencing. The results from this analysis gave the N-terminal sequence P-H-Y-I-T-F-D-G-T-Y thereby confirming that the cleavage had occurred between the Asp and the Pro in the GDPH-sequence.

Site-directed mutagenesis in the GDPH-sequence

The importance of an intact GDPH-sequence for the cleavage was studied by mutagenesis altering the GDPH-sequence to GAPH and GEPH, respectively. The mutated plasmids were transfected into CHO-K1 cells and the cell lysates and spent cell culture media were analyzed by SDS-PAGE under reducing conditions, followed by Western blotting and detection with the α-His 5 mAb (Figure 3B). The results suggest that the Asp in the GDPH-sequence is essential for the cleavage as both mutations abolished the cleavage observed in both the cell lysates and media. It is also obvious that the cleavage is not critical for the protein to be properly handled by the secretory machinery, as no alteration in the transit time was observed at pulse-chase (not shown) and that also mutated M-MUC5AC-CH was secreted to the media (Figure 3B). Thus, the results suggest that the Asp in the GDPH-sequence is essential for the cleavage and that this event does not influence the transport of the protein through the secretory pathway. 

Neutralization of the secretory pathway and treatment with a protease inhibitor

To decipher if the cleavage was influenced by the slightly acidic pH of the late secretory pathway, the CHO-K1-pSM-MUC5AC-CH cells were treated with either ammonium chloride or the proton pump inhibitor bafilomycin A1. Radiolabeled cells and media were immunoprecipitated using α-myc mAb and analyzed by SDS-PAGE and autoradiography (Figure 4A). As expected, the cleavage in the ER was not inhibited by either of the treatments as no change in the extent of cleavage was observed in the cell lysates. Neither did the treatments affect the extent of cleavage observed in the media indicating that the level of cleavage was not affected by the fast passage through the later, more acidic parts, of the secretory pathway. From our studies of MUC2 we know that the level of MUC2 cleavage, dependent on the low pH of the late secretory pathway, was higher in the human colon adenocarcinoma cell line LS 174T [18]. To investigate how the recombinant MUC5AC Cterminus is handled by this cell line, these cells where transfected with pSM-MUC5AC-CH, treated with bafilomycin A1 and analyzed as above. The results show that neutralization reduces the level of cleavage in the secreted protein (Figure 4B). In this cell line the fully glycosylated form can also be detected in the cell lysates and the analyses of these not only show that the level of cleavage of the fully glycosylated protein is lower in the treated cells, but also that the ER cleavage is not inhibited (Figure 4B). In both cell lines, one can observe that the mature M-MUC5AC-CH acquires a slightly higher mobility after the treatments. This is in agreement with earlier studies showing that neutralization of the secretory pathway leads to a redistribution of glycosyltransferases and a decrease in O-glycan chain length [START_REF] Axelsson | Neutralization of pH in the Golgi apparatus causes redistribution of glycosyltransferases and changes in the O-glycosylation of mucins[END_REF].

Taken together, these studies show that after the initial cleavage in the ER, the extent of cleavage can increase in the later, more acidic parts of the secretory pathway. The fact that the fully glycosylated form can be seen in the LS 174T cells but not in the CHO-K1 cells is likely due to a longer transit time through the post-ER compartments in the LS 174T cells compared to the CHO-K1 cells. This was previously suggested by pulse-chase studies in the two cell lines expressing a C-terminal cysteine-rich domain of MUC2 [18]. The reason for the faster transport through the post-ER compartments in the CHO-K1 cells is not known, but probably reflects cell specific differences. Due to the sequence similarities between gelforming mucins and the von Willebrand factor it is believed to be the N-terminal parts of the wild-type mucins that direct their transport into the regulated secretory pathway. Hence, one would expect the recombinant C-terminal cysteine-rich domain of MUC5AC to be continuously secreted also from cells with a regulated secretory pathway. 

Copyright 2006 Biochemical Society

The human MUC4 is a membrane-bound mucin that also contains a GDPH-sequence located in a von Willebrand D (vWD)-domain. This mucin is also cleaved at the Asp-Probond in the ER and it has recently been proposed that the cleavage is mediated by a serine protease as the serine protease inhibitor Pefabloc SC reduced the level of cleavage [START_REF] Soto | Enzymatic cleavage as a processing step in the maturation of Muc4/sialomucin complex[END_REF]. To decipher if this was the case for the MUC5AC C-terminus, the CHO-K1-pSM-MUC5AC-CH cells were treated with Pefabloc SC. After radiolabeling of the cells in the presence of the inhibitor, the spent culture media was immunoprecipitated using α-myc mAb-coated beads and analyzed by SDS-PAGE and autoradiography (Figure 4C). This inhibitor did not have any effect on the cleavage indicating that the MUC5AC cleavage is not mediated by a serine protease.

In vitro treatment of the recombinant MUC5AC C-terminus

To test the hypothesis of a low pH-dependent cleavage, in addition to the initial ER-localized cleavage, radiolabeled material from CHO-K1-pSM-MUC5AC-CH cell lysates and fresh media was immunoprecipitated using the mAb α-myc. While still attached to the beads, aliquots of the material were treated in buffers with pH from 7.0 to 3.0 for 18 h at 37°C and analyzed by SDS-PAGE and autoradiography (Figures 5A and5B). An increased level of cleavage was observed at pH 6.0 and below for both the intracellular and extracellular forms of M-MUC5AC-CH. To further pinpoint at what pH the cleavage is triggered, material from fresh media was treated in buffers with pH from 7.2 to 4.8 for 1 h at 37°C (Figure 5C). The results indicate that the cleavage is triggered already at a pH around 6.4 and that an even lower pH promotes the cleavage. To investigate the time-dependence of the cleavage reaction, aliquots of material from fresh media were incubated at pH 6.5 for different times (0-24 h) (Figure 5D). Although the cleavage increased with time, it was not complete even after 24 h. Together these results reveal that the cleavage is slow and that it is accelerated by a low pH.

A primary amine reacts with the cleaved MUC5AC C-terminus

The mechanism for cleavages at Asp-Pro bonds has been proposed to involve the formation of an internal anhydride between the two carboxyl groups of the generated C-terminal Asp [START_REF] Piszkiewicz | Anomalous cleavage of aspartyl-proline peptide bonds during amino acid sequence determinations[END_REF]. Such anhydrides are relatively reactive and can react with for instance primary amines or hydroxyl groups. In an attempt to show the presence of an anhydride in the new Cterminus generated after MUC5AC cleavage, immunoprecipitated M-MUC5AC-CH from fresh spent cell culture media of the CHO-K1-pSM-MUC5AC-CH cells was incubated at pH Copyright 2006 Biochemical Society 7.2 or pH 5.4 with or without the primary amine B-EDA present. Analysis by SDS-PAGE, Western blotting, and detection with streptavidin revealed that only one band was specifically stained (Figure 6). It was observed as a weak band in the sample treated at pH 5.4 in the presence of the amine and as a fainter band in the sample treated at pH 7.2 in the presence of the amine. This band migrated at the same position as expected for the N-terminal cleavage fragment (MG-C1 ec ) as determined by the α-myc mAb staining. That the noncleaved MUC5AC and the C-terminal fragment were not labeled indicated that the reaction with B-EDA was specific for the N-terminal fragment harboring the new C-terminus. This suggests that the MUC5AC mucin has a possibility to covalently link to other molecules or itself. An interesting observation is that MG-C1 ec linked to the amine also at pH 7.2. This means that M-MUC5AC-CH is further cleaved at pH 7.2 or that an intracellularly cleaved protein maintains its reactive anhydride.

Cleavage of wild-type MUC5AC in HT-29 cells

HT-29 is a human colon adenocarcinoma cell line widely used for studies of the MUC5AC assembly [START_REF] Sheehan | Physical characterization of the MUC5AC mucin: a highly oligomeric glycoprotein whether isolated from cell culture or in vivo from respiratory mucous secretions[END_REF][START_REF] Sheehan | Identification of Molecular Intermediates in the Assembly Pathway of the MUC5AC Mucin[END_REF]. This cell line was used as a source for wild-type MUC5AC to analyze if the cleavage also occurs in vivo. An antiserum raised against the CysD-domains of the human MUC5AC mucin was used for immunoprecipitations from cell lysates. After SDS-PAGE under reducing conditions and Western blotting, the mAb 62M1 was used for detection (Figure 7). The epitope of this antibody has been mapped to the far C-terminus of the human MUC5AC mucin including the von Willebrand C-and cysteine-knot domains [START_REF] Nollet | Mapping of two new epitopes on the apomucin encoded by MUC5AC gene: expression in normal GI tract and colon tumors[END_REF], and should therefore detect the C2-fragment. The results showed a band migrating as the C2 icfragment from the cell lysates of the CHO-K1-pSM-MUC5AC-CH cells at around 100 kDa.

Another band, in the interface between the stacking gel and the separation gel, is likely to represent the full-length, non-cleaved MUC5AC mucin. From these results it is obvious that the wild-type MUC5AC, like the recombinant MUC5AC C-terminus, is partially cleaved and that this cleavage most likely can occur already in the ER. 

DISCUSSION

The human MUC2 mucin was previously shown to be partially cleaved between the Asp and Pro in the GDPH-sequence located in the N-terminal end of its vWD4-domain [18]. A GDPH-sequence surrounded by similar sequences is found also in the MUC5AC mucin, but not in the other human gel-forming mucins (MUC5B, MUC6, and MUC19). As the MUC5AC mucin is an important structural component in the mucus layer protecting the epithelia of the airways and stomach, we considered it important to address if also MUC5AC is cleaved at the GDPH-sequence. Indeed, MUC5AC was also cleaved here, but in contrast to the cleavage of MUC2 that is triggered by a pH below 6.0 [18], the cleavage of MUC5AC was initiated already in the neutral ER. This suggests that these two mucins have different pH set points for cleavage in the GDPH-sequence. However, the cleavage of the MUC5AC mucin was accelerated at pH 6.4 or below. The conservative replacement of the Asp with Glu in the GDPH-sequence, thus only extending the side chain of the Asp with one carbon eliminated the cleavage. Interestingly, the mechanism proposed for autocatalytic cleavages at Asp-Pro bonds at low pH involves the formation of an unstable five-membered ring [START_REF] Thuveson | The Low pH in Trans-Golgi Triggers Autocatalytic Cleavage of Pre-alpha -inhibitor Heavy Chain Precursor[END_REF] and the Asp to Glu replacement would prevent the formation of such an intermediate.

An interesting observation is that a higher proportion of M-MUC5AC-CH seems to be cleaved at the GDPH-site if the protein is purified by affinity chromatography at neutral pH from spent culture media compared to protein directly immunoprecipitated from newly harvested media (not shown). This suggests that the protein can be further cleaved after prolonged time at a neutral pH. Incubation of the affinity purified material at low pH does not result in any obvious further cleavage and no linking to B-EDA is observed. This implies that the cleavage reaction can come to completion before the protein has been fully cleaved.

Taken together our results suggest that the GDPH-cleavage of MUC5AC is a slow process that occurs at a neutral pH, but is accelerated by a lower pH.

A number of other proteins are cleaved in Asp-Pro sequences. Another mucin that contains a GDPH-sequence in a vWD-domain is the membrane bound MUC4 mucin as well as its rat orthologue, the sialomucin complex (SMC). SMC is encoded as a single protein, but is found as a heterodimeric glycoprotein complex of one extracellular and one transmembrane subunit [START_REF] Sherblom | Purification of the major sialoglycoproteins of 13762 MAT-B1 and MAT-C1 rat ascites mammary adenocarcinoma cells by density gradient centrifugation in cesium chloride and guanidine hydrochloride[END_REF][START_REF] Helm | Evidence for the association of two cell surface glycoproteins of 13762 mammary ascites tumor cells. Concanavalin A-induced redistribution of peanut agglutinin-binding proteins[END_REF]. These subunits are formed by an intracellular cleavage at the Asp-Pro bond of its GDPH-sequence early during biosynthesis, most likely in the ER [START_REF] Sheng | Biosynthesis of the cell surface sialomucin complex of ascites 13762 rat mammary adenocarcinoma cells from a high molecular weight precursor[END_REF][START_REF] Sheng | Molecular cloning of the transmembrane component of the 13762 mammary adenocarcinoma 22 Biochemical Journal Immediate Publication. Published on 21 Jun 2006 as manuscript BJ20060443 Copyright 2006 Biochemical Society sialomucin complex. A new member of the epidermal growth factor superfamily[END_REF]. In this context, it should just be noticed that also the other transmembrane mucins that have a SEA domain instead of a vWD-domain are cleaved by an autocatalytic mechanism in the ER [START_REF] Macao | Autoproteolysis coupled to protein folding in the SEA domain of the membrane-bound MUC1 mucin[END_REF]. The current observation that MUC5AC is cleaved in the GDPH-sequence in the ER could suggest Copyright 2006 Biochemical Society a similar mechanism as for MUC4. It was recently proposed that the cleavage of MUC4 is due to an unidentified serine protease, as the serine protease inhibitor Pefabloc SC inhibited the cleavage [START_REF] Soto | Enzymatic cleavage as a processing step in the maturation of Muc4/sialomucin complex[END_REF]. This inhibitor had no effect on the MUC5AC cleavage. This observation together with the fact that MUC4 is completely cleaved suggests that the two proteins are cleaved by different mechanisms. It has also been proposed that the cleavage in MUC4 is essential for the maturation of the protein and that non-cleaved MUC4 is degraded [39]. For MUC5AC, complete inhibition of the cleavage by site-directed mutagenesis of the Asp in the GDPH-sequence did not affect its transit-time through the secretory pathway. Other proteins known to be cleaved in their GDPH-sequences are heavy chain 3 (H3) [START_REF] Thuveson | The Low pH in Trans-Golgi Triggers Autocatalytic Cleavage of Pre-alpha -inhibitor Heavy Chain Precursor[END_REF], hemojuvelin [START_REF] Zhang | Interaction of Hemojuvelin with Neogenin Results in Iron Accumulation in Human Embryonic Kidney 293 Cells[END_REF] and zonadhesin [START_REF] Bi | Processing, localization and binding activity of zonadhesin suggest a function in sperm adhesion to the zona pellucida during exocytosis of the acrosome[END_REF], where all these cleavages are triggered by a low pH. In addition, the FrpC protein, a toxin protein from Neisseria meningitidis is also cleaved at an Asp-Pro bond, but in this case calcium triggers the reaction [START_REF] Osicka | A novel "clip-and-link" activity of repeat in toxin (RTX) proteins from gram-negative pathogens. Covalent protein cross-linking by an Asp-Lys isopeptide bond upon calcium-dependent processing at an Asp-Pro bond[END_REF].

The suggested mechanism for cleaving Asp-Pro bonds will generate an internal Asp anhydride. This group can react with a hydroxyl group to form an ester, with a primary amine to form an amide or just become hydrolyzed. The pre-α-inhibitor is a serum protein secreted from the liver as a heterodimer of H3 and bikunin. H3 is synthesized as a precursor that is cleaved at the Asp-Pro in its GDPH-sequence when it reaches the acidic compartments of the late secretory pathway [START_REF] Thuveson | The Low pH in Trans-Golgi Triggers Autocatalytic Cleavage of Pre-alpha -inhibitor Heavy Chain Precursor[END_REF]. After the autocatalytic cleavage, H3 becomes esterified, via its C-terminal Asp, to C-6 of an internal N-acetylgalactosamine of a glycosaminoglycan chain present on bikunin [START_REF] Enghild | Chondroitin 4-sulfate covalently cross-links the chains of the human blood protein pre-alpha-inhibitor[END_REF]. The FrpC toxin secreted from N. meningitidis undergo a calciumdependent autocatalytic cleavage at an Asp-Pro bond producing a new reactive C-terminus that links to the γ-amino group of a Lys on another FrpC molecule [START_REF] Osicka | A novel "clip-and-link" activity of repeat in toxin (RTX) proteins from gram-negative pathogens. Covalent protein cross-linking by an Asp-Lys isopeptide bond upon calcium-dependent processing at an Asp-Pro bond[END_REF]. In this way, the FrpC toxin is cross-linked to form high mass oligomeric species. So far, MUC5AC has not been proved to be linked to other molecules or itself. However, Sheehan et al. have previously observed a small amount of a reduction-insensitive MUC5AC dimer/oligomer in secretions from HT-29 cells that could be hypothesized to be due to a GDPH-dependent cross-link to itself [START_REF] Sheehan | Physical characterization of the MUC5AC mucin: a highly oligomeric glycoprotein whether isolated from cell culture or in vivo from respiratory mucous secretions[END_REF]. Our study also suggests that MUC5AC can link to other molecules after its cleavage as the generated new C-terminus could react with a biotinylated primary amine. The hypothesis that the cleavage at the Asp-Pro bond in MUC5AC gives the mucin the possibility to covalently link to other components is further strengthened by the fact that cleavages at such bonds in other proteins result in adduct-formation. However, the size of the mucin, its high number of cysteines and especially the glycan heterogeneity, all make studies aimed to decipher the nature of mucin cross-linking or attached molecule, very difficult. Copyright 2006 Biochemical Society When studying the literature there has so far not been any reports claiming that the human MUC5AC mucin is subjected to cleavage in its C-terminus. Removal of the C-terminal cleavage fragment of wild-type MUC2 does not lead to detectable differences in electrophoretic mobility or chromatographic behavior [START_REF] Herrmann | Studies on the "insoluble" glycoprotein complex from human colon. Identification of reduction-insensitive MUC2 oligomers and C-terminal cleavage[END_REF]. This is likely to be the case also for MUC5AC, suggesting that such a cleavage should be difficult to detect without an antibody detecting the C-terminal cleavage fragment. Such an antibody has so far not been used, but the 62M1 mAb made by the group of Jacques Bara [START_REF] Nollet | Mapping of two new epitopes on the apomucin encoded by MUC5AC gene: expression in normal GI tract and colon tumors[END_REF] and used here will be a good tool in further studies concerning the cleavage of MUC5AC. This mAb was raised against gastric mucin and its epitope has been localized to a part containing the von Willebrand C and cysteine-knot domains found in the far C-terminus of the human MUC5AC mucin [START_REF] Nollet | Mapping of two new epitopes on the apomucin encoded by MUC5AC gene: expression in normal GI tract and colon tumors[END_REF]. The fact that the removal of the 120 kDa C-terminal cleavage fragment of MUC2 does not lead to a detectable difference in electrophoretic mobility or chromatographic behavior also implies that it is unlikely that one can determine if, even a large protein, has attached the new C-termini of mucins by these methods.

Apart from the airways, MUC5AC is mainly expressed in the stomach, where it is subjected to a very acidic environment. One could therefore hypothesize that the cleavage would be more pronounced here compared to the airways. It has been shown that there is a pH gradient across the mucus layer of the stomach, the pH in the lumen is very acidic and the pH at the epithelial surface is almost neutral [START_REF] Schade | Hydrogen ion concentration in the mucus layer on top of acid-stimulated and -inhibited rat gastric mucosa[END_REF]. Hence one can expect that a potential crosslinking would be more pronounced on the luminal side of the mucus gel compared to the epithelial cell surface. An increased cross-linking could contribute to the protection of the underlying epithelial cells, but further studies are necessary to test this hypothesis.

What physiological consequences can a cleavage of MUC5AC have in the airways? Under normal conditions, the MUC5AC mucin is stored in the granulae of the goblet cells for appreciable time. This will not only allow the mucin to be cleaved already in the ER, but also further in the acidic conditions of the secretory granulae. Such prolonged storage should give the anhydride sufficient time to be linked with components found in this compartment or to be hydrolyzed. However, in disease states characterized by a faster release of mucins it can be assumed that the secreted MUC5AC mucins are less cleaved inside the cells. This could allow further extracellular cleavage as we observed for freshly secreted M-MUC5AC-CH. If also the pH is lower in the secretions, the extracellular mucin cleavage will be faster and could have the potential to cross-link the mucin to itself or other components found in the mucus gel or on the cell-surface. One such disease is cystic fibrosis (CF) where the patients suffer from highly viscous mucus in the airways. Studies indicate that the pH of the mucus is Copyright 2006 Biochemical Society reduced from 7.2 in normal airways down to 6.5 in CF [START_REF] Perez-Vilar | Reevaluating gel-forming mucins' roles in cystic fibrosis lung disease[END_REF]. Advanced asthma and status asthmaticus is also characterized by a decreased pH down to 5.2 compared to 7.6 for healthy individuals [START_REF] Hunt | Endogenous airway acidification. Implications for asthma pathophysiology[END_REF]. Very condensed mucus and mucus plugging characterize such advanced asthma. It could thus be speculated that such a decrease in pH could lead to an increased cleavage of MUC5AC and cross-links within the mucus gel or to the epithelial surface adding to the mucus phenotype seen in these diseases. However, such a hypothesis has to be evaluated further. 
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Figure 1

 1 FIGURE LEGENDSFigure 1 Expression of a recombinant human MUC5AC C-terminus in CHO-K1 cells A, schematic picture of the recombinant protein containing the C-terminal cysteine-rich part of the human MUC5AC mucin fused to an Ig κ-chain signal sequence and a mycTag in its Nterminus and a HisTag in its C-terminus. α-myc, α-5ACCR, 62Μ1 and α-His 5 indicate the localization of the epitopes for the antibodies with the same names. M-C1 represents the Nterminal cleavage fragment and C2 the C-terminal one. Cell lysates and spent culture media from CHO-K1-pSM-MUC5AC-CH, a clone of CHO-K1 cells stably expressing the recombinant fusion protein were analyzed by SDS-PAGE (3-10% gels; both reducing and non-reducing conditions) and Western blotting using α-myc mAb (B) and α-His 5 mAb (C) for detection. Non-transfected CHO-K1 cells are referred to as -Ctrl. Di, position of the dimer of the MUC5AC C-terminus; Mono, position of the monomer of the MUC5AC Cterminus. The subscripts ic and ec indicate the intra-and extra cellular forms of the protein, respectively. D; cell lysates and spent cell culture media from CHO-K1 and CHO-K1-pSM-MUC5AC-CH cells were immunoprecipitated by α-myc mAb-coated magnetic beads and treated with glycosidases or buffer alone for 15 h at 37°C. The samples were analyzed by SDS-PAGE (6% gel; reducing conditions) followed by Western blotting and immunodetection with the α-His 5 mAb. Endo H, endoglycosidase H; O-glyc, O-glycosidase; Neuram, neuraminidase; Lys, material from cell lysates; Med, material from spent cell culture media. Positions of molecular mass standards are indicated to the right.

Figure 2 24 Biochemical

 224 Figure 2 Biosynthesis of the human MUC5AC C-terminus in CHO-K1 cells The CHO-K1 cell line CHO-K1-pSM-MUC5AC-CH, expressing the C-terminal cysteine-rich part of the human MUC5AC, was metabolically labeled with Redivue Pro-mix L-[ 35 S] in vitro labeling mix for 15 (A and B) or 5 min (C) and chased in nonradioactive medium with excess of Met and Cys for different times as indicated above each figure. Cell lysates and media were prepared and immunoprecipitations, using α-myc mAb-coated magnetic beads, were performed. Samples were analyzed by SDS-PAGE (A and C: 3-10% gels; B: 8% gel) under non-reducing (A) or reducing (B and C) conditions followed by autoradiography. Nontransfected CHO-K1 cells are referred to as -Ctrl. Lys, material from cell lysates; Med, material from spent cell culture media. Positions of molecular mass standards are indicated to the right.

Figure 3

 3 Figure 3 The human MUC5AC mucin is cleaved in its GDPH-sequence A, secreted MUC5AC C-terminus from CHO-K1-pSM-MUC5AC-CH cells was purified on a HiTrap Chelating HP column. The purified material was separated by SDS-PAGE (3-10% gel; reducing conditions), blotted to a PVDF membrane and visualized by Commassie Blue staining. In the schematic picture of the recombinant MUC5AC C-terminus an arrow indicates the cleavage site, and the underlined sequence shows the sequence obtained after Edman sequencing of the C-terminal cleavage product (C2). The N-terminal cleavage product is indicated by M-C1 and the intact monomer as Mono. The cleavage site was mutated as indicated (changed amino acids highlighted by asterisks) and the plasmids expressed in CHO-K1 cells. Cell lysates and spent cell culture media were analyzed by SDS-PAGE (GAPHmutation: 8% gel; GEPH-mutation: 3-10% gel; both under reducing conditions), Western blotting and immunodetection using the α-His 5 mAb (B). Lys, material from cell lysates; Med, material from spent cell culture media.

Figure 4

 4 Figure 4 The cleavage in the MUC5AC C-terminus starts early in the secretory pathway, continues in the acidic parts of the late secretory pathway and does not involve serine protease activity A, CHO-K1-pSM-MUC5AC-CH cells were preincubated with media with or without 25 mM ammonium chloride for 12 h. After starving the cells for 1 h they were metabolically labeled with Redivue Pro-mix L-[ 35 S] in vitro labeling mix for 6 h. Both the starving and labeling steps were performed in the presence of the same concentration of ammonium chloride as during the preincubation. In the case where bafilomycin A1 was used as the neutralizing agent, 300 nM bafilomycin A1 was present during the starvation and labeling steps. Cell lysates and media were prepared, immunoprecipitated with α-myc mAb-coated magnetic beads and analyzed by SDS-PAGE (3-10%, reducing conditions) and autoradiography. -Ctrl, non-treated cells; NH 4 Cl, ammonium chloride treated cells; Baf A1, bafilomycin treated cells. B, LS 174T cells were transfected with the plasmid encoding the recombinant MUC5AC C-terminus. After 40 h the cells were treated with bafilomycin A1 and cell lysates and media immunoprecipitated and analyzed as above. NonTrans, non-transfected cells. C, CHO-K1-pSM-MUC5AC-CH cells were starved (1 h) and labeled (4 h) as above, in the presence of the serine protease inhibitor Pefabloc SC (200 µM). The spent cell culture media was immunoprecipitated and analyzed as above. Pefab, pefabloc SC treated cells. Lys, material from cell lysates; Med, material from spent cell culture media. Mono represents the
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C]-High-Range Rainbow (Amersham Biosciences) and Precision Protein Standards (Bio-Rad).
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  mM NaCl and another one with 20 mM Na-Phosphate buffer, pH 7.4, 500 mM NaCl, 20

	mM imidazole, M-MUC5AC-CH was eluted with 20 mM Na-Phosphate buffer, pH 7.4, 500
	mM NaCl, 200 mM imidazole. The fractions positive for M-MUC5AC-CH were pooled,
	concentrated and the buffer changed to PBS by ultrafiltration (Vivaspin concentrator; 30000
	MWCO) (Vivascience).
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