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Recent studies suggest that themucin granule lumen consists of a
matrix meshwork embedded in a fluid phase. Secretory products
can both diffuse, although very slowly, through themeshwork pores
and interact noncovalently with the matrix. Using a green fluores-
cent protein-mucin fusion protein (SHGFP-MUC5AC/CK) as a
FRAP (fluorescence recovery after photobleaching) probe, we have
assessed in living mucous cells the relative importance of different
protein post-translational modifications on the intragranular orga-
nization. Long term inhibition of mucin-type O-glycosylation, sia-
lylation, or sulfation altered SHGFP-MUC5AC/CK characteristic
diffusion time (t1⁄2), whereas all but sulfation diminished its mobile
fraction. Reduction of protein disulfide bonds with tris(hy-
droxypropyl)phosphine resulted in virtually complete immobiliza-
tion of the SHGFP-MUC5AC/CK intragranular pool. However,
when activity of the vacuolar H�-ATPase was also inhibited, disul-
fide reduction decreased SHGFP-MUC5AC/CK t1⁄2 while diminish-
ing its intraluminal concentration. Similar FRAP profiles were
observed in granules that remained in the cells after the addition of
amucin secretagogue. Taken together these results suggest that: (a)
the relative content of O-glycans and intragranular anionic groups
is crucial for protein diffusion through the intragranularmeshwork;
(b) protein-protein, rather than carbohydrate-mediated, interac-
tions are responsible for binding of SHGFP-MUC5AC/CK to the
immobile fraction, although the degree of matrix O-glycosylation
and sialylation affects such interactions; (c) intragranular organiza-
tion does not depend on covalent multimerization of mucins or the
presence of native disulfide bonds in the intragranular mucin/pro-
teins, but rather on specific protein-mediated interactions that are
important during the early stages ofmucinmatrix condensation; (d)
alterations of the intragranular matrix precede granule discharge,
which can be partial and, accordingly, does not necessarily involve
the disappearance of the granule.

In response to specific signals, regulated secretion permits the con-
trolled transport of membrane and secretory products (1, 2). This path-
way is supported by an efficient mechanism for importing/packing pro-
teins into secretory granules. Indeed, the biogenesis of regulated
secretory granules is initiated when secretory proteins aggregate in the
trans-Golgi compartments (3). Nevertheless, our understanding of
intragranular protein condensation and its regulation still is fragmented
and incomplete, especially in exocrine cells.
Mucous/goblet cells are specialized in the synthesis and (constitu-

tive/regulated) secretion of a family of glycoproteins known as secreted
gel-forming mucins (4–7). Mucins are characterized by their large size,
high degree of mucin-type O-glycosylation, and the formation of disul-
fide-linked oligomers/multimers. Together with water and salts,
mucins largely determine the viscoelastic and adhesive properties of the
mucus secretions that cover the tracheobronchial, gastrointestinal, uro-
genital, auditory, and conjunctival epithelia. Although the mucus layer
lubricates and protects epithelial cells against pathogenic and noxious
agents (8, 9), overproduction of mucus can be detrimental to health, as
is evident in lung diseases characterized by a mucus hypersecretory
phenotype such as cystic fibrosis (10).
The biosynthesis of mucins comprises N- and O-glycosylation, likely

C-mannosylation, sulfation, interchain disulfide bond formation, and
proteolysis (6, 11–13). Processed mucin oligomers/multimers are
stored insidemucin granules, where they likely form a highly condensed
polyanionic matrix (14–17). Consistent with this notion, intestinal
mucous cells with the characteristic mucin granules are not present in
mice lacking expression ofmMuc2, the gene encoding the major intes-
tinal gel-forming mucin (18). Polyanionic matrices and high intralumi-
nal concentrations of Ca2� and H� appear to be common features of
regulated secretory granules irrespective of species and the cell type (e.g.
1, 19–21). Ca2� and H� likely shield the negative charges in mucin
O-linked oligosaccharide chains, facilitating the emergence of physical
interactions among intragranular matrix mucins. It has been proposed
that at some point during granule biogenesis, and following the same
physical laws that govern phase transitions of synthetic polymers (22),
polyanionic intragranular proteins in general, and mucin oligomers/
multimers in particular, undergo a highly cooperative (likely Ca2�/H�-
driven) phase transition (condensation) process, which results in the
formation of osmotically inert, condensed aggregates (16, 17, 23).More-
over, an ion exchange (Ca2�/K�)-triggered phase transition of the
matrix is thought to occur prior to and/or during granule exocytosis,
resulting in matrix decondensation and hydration and discharge of
entrapped secretory proteins (24, 25).
Recent studies in livemucous/goblet cells have revealed novel aspects

on mucous/goblet cells and their granules (26, 27). Thus, fluorescence
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recovery after photobleaching (FRAP)2 analyses with a mucin-GFP
fusion protein suggested that themucin granule lumen is compartmen-
talized into amobile or fluid phase, in which secretory products diffused
very slowly, and an immobile, pH-dependent phase (i.e. a “matrix”) to
which secretory products were noncovalently bound via pH-dependent
interactions (26). A two-phase, intraluminal organization was proposed
independently on the basis of studies on the Ca2�/K� intragranular ion
exchange mechanism of exocytosis (28, 29). The facts that the same
protein probe diffused �100-fold faster in the endoplasmic reticulum
lumen thanwithin themucin granule, whereas its diffusion seemed even
faster once it reached the extracellularmucus3 (26), supports the notion
that the intragranular mucin matrix is in a condensed state. However,
the FRAP profiles obtained argued against the existence of an inacces-
sible, dehydrated condensed mucin matrix surrounded by a dense fluid
phase (26). Instead, the mucin meshwork is likely embedded in a fluid
phase so that proteins diffuse through its pores and have access to, and
interact with, the matrix components. Although these studies are not
necessarily in conflict with a phase transition-driven mechanism of
matrix condensation, they raise the possibility that specific protein-
protein interactions have critical roles at some point during the forma-
tion of the matrix meshwork.
Using time-lapse and semiquantitative FRAP analysis in live mucous

cells, we report here studies aimed at identifying the relative roles in
mucin granule organization of mucin post-translational modifications,
including O-glycosylation, sulfation, sialylation, and protein disulfide
bonding. The intraluminal environment of granules remaining after the
addition of mucin secretagogue was also investigated. The results sug-
gest that the intragranular environment can be independently regulated
by different factors.

EXPERIMENTAL PROCEDURES

Maintenance of HT29-SHGFP-MUC5AC/CK Cells and Experimen-
tal Treatments—The generation, characterization, and maintenance of
HT29-SHGFP-MUC5AC/CK cells were described earlier (26). Com-
pound 2-68A (100 �g/ml; Ref. 31), sodium chlorate (10 mg/ml; Ref. 32),
4-methylumbelliferyl-�-D-xylopyranoside (10 mM; Ref. 33), the pep-
tides NH2-GNWWWW and NH2-WRGGSG (100 �M; Ref. 34),
denoted herein as P6SIAL and P6CON, respectively, tris(hydroxypro-
pyl)phosphine (THP, 5 mM, Calbiochem; Ref. 35), bafilomycin A1 (0.1
�g/ml; Ref. 36) or dithiothreitol (DTT, 5 mM; Ref. 37) were freshly
prepared in culture medium, with solubilization in dimethyl sulfoxide
when required, and given to the cells for 48 h, in the case of compound
2-68A and sodium chlorate or 72 h in the case of 4-methylumbelliferyl-
�-D-xylopyranoside, P6SIAL or P6CON. To induce mucin granule
secretion, cells were incubated for at least 30 min in the presence of 3
mM ATP prior to FRAP or biochemical analysis. In all cases, vehicle-
incubated control cells were analyzed in parallel under the same condi-
tions. Unless otherwise indicated, all of the reagents and peptides men-
tioned in this work were obtained from Sigma.

Generation of NIH-3T3-SHGFP-MUC5AC/CK Cells—NIH-3T3
cells, obtained from ATCC and maintained as directed by the provider,
were transduced with a retroviral vector encoding SHGFP-
MUC5AC/CK essentially as described earlier for HT29–18N2 cells
(26). After selection in puromycin-containing culturemedium, the cells
weremaintained for at least 20 passages prior to use for these studies. At

that point, this cell line did not differ from the parental cell line regard-
ing morphologic features and growth rate.

Confocal Microscopy and FRAP Analysis—Cells in confocal medium
(Hanks’ balanced solution salt plus 1% (v/v) fetal bovine serum, 5 mM

L-glutamine, essential and nonessential amino acids, and 20mMHEPES,
pH 7.8) were observed with a Zeiss LSM 510 (University of North Caro-
lina Michael Hooker Microscopy Facility) at 37 °C on the microscope
stage, using 488 nm laser excitation for GFP. FRAP analysis of intra-
granular SHGFP-MUC5AC/CK in live mucous/goblet cells was carried
out using a �63 (NA 1.4) oil immersion objective as described before
(26). Briefly, a spot the size of the laser beam diameter was irreversibly
bleached and the fluorescence intensity in the bleached area monitored
over time. From these raw data, themobile fraction (Mf), i.e. the percent
of intragranular SHGFP-MUC5AC/CK that diffuses, and the character-
istic diffusion time (t1⁄2), i.e. the time required to reach 50% of the plateau
fluorescence in the bleached area, were derived using standard proce-
dures (26, 38). In each case, vehicle- and compound-treated cells were
analyzed in parallel. At least three different culture dishes from three
independent experiments were processed. The statistical significance of
differences between themeans of specific parameters in specific pairs of
vehicle- and compound-treated cells was assessed by student t tests.

Caspase 3/7 Assays—To assess the cellular levels of caspases 3 and 7,
cells grown in 4-well slides (Cultek, Inc.) were put on ice for 5 min,
washed twice with cold Ca2�/Mg2�-free PBS, and lysed for 15 min at
room temperature in 300�l of 0.5% (v/v) TritonX-100 in PBS/well. The
lysates were cleared by centrifugation at 16,000 � g for 1 min and then
diluted 1:100 with sterile water. 1–10�l of the latter solution wasmixed
with an equal volume of freshly made caspase 3/7-Glo reagent (Pro-
mega, Inc.). The mixture was incubated at room temperature for up to
1 h and light emission measured with a Turner Biosystem 20/20
luminometer.

Analysis of Glycoproteins Metabolically Labeled with N-Acetyl-
[3H]Glucosamine or 35SO4Na2—Mucous cells grown in 35-mm culture
dishes were metabolically labeled at 37 °C with 25 �Ci/ml N-acetyl-
[3H]glucosamine ([3H]GlcNAc, Amersham Biosciences; 35 Bq/mmol)
or 50 �Ci/ml 35SO4Na2 (MPB; 74 MBq)) in PFHM-II culture medium
(39) for 24 h in the absence (control sample) or presence of the indicated
compounds. At the end of the labeling, the cells were put on ice for 5min
and the culture medium collected and cleared from cell debris by cen-
trifugation. The cell layerwas rinsedwith cold PBS and then extracted at
4 °C with 4 M guanidine HCl, 0.1 M sodium acetate, 4% (w/v) CHAPS,
100 �M phenylmethylsulfonyl fluoride, pH 5.8 (extraction buffer; 3
ml/dish), for 30 min with agitation. The lysates were cleared by centrif-
ugation and the supernatant diluted with extraction buffer to a concen-
tration of 0.5–0.7 mg of protein/ml. Radioactive proteins were sepa-
rated from unincorporated radioactive probe by passing 500 �l of cell
lysate through a 5-ml Sephadex G-50 (fine) column equilibrated in 6 M

urea, 0.1 M Tris-HCl, 5 mM EDTA, 0.5% CHAPS (w/v), 100 �M phenyl-
methylsulfonyl fluoride, pH 8.0 (elution buffer). The proteins were
eluted with elution buffer and 0.5-ml fractions collected. The radioac-
tivity in each fraction was measured by scintillation counting.
To determine the incorporation of the radioactive label into high

molecular weight glycoproteins/mucins, cell lysates were dialyzed
against 6 M urea, 0.1 M Tris-HCl, 5 mM EDTA, pH 8.0, for 18 h at 4 °C,
then reduced with 20 mM DTT for 18 h at room temperature and car-
boxymethylated with freshly prepared 20mM iodoacetamide for 30min
at 25 °C in the dark (40). Proteins (30 �g/well) were separated and visu-
alized by standard gradient (4–20%) SDS-PAGE and fluorography.
Alternatively, proteins were separated in 1% SDS-agarose gels as
described previously (40), and equal square pieces (�0.5 � 0.5 cm2)

2 The abbreviations used are: FRAP, fluorescence recovery after photobleaching; CHAPS,
3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid; DTT, dithiothre-
itol; GFP, green fluorescent protein; Mf, mobile fraction; PBS, phosphate-buffered
saline; SiaNAc, sialic acid; t1⁄2, half-recovery time or characteristic diffusion time; THP,
tris(hydroxypropyl)phosphine.

3 J. Perez-Vilar, unpublished observations.
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were cut from the top to the bottom of the agarose gels. The gel pieces
were melted with guanidine thiocyanate, pH 8, at 65 °C for 10 min and
mixed with 2.5 ml of Safety Solve prior to counting the total radioactiv-
ity in a scintillation counter.

Protein Blotting of Endogenous MUC5AC Separated in Agarose
Gels—Total cellular proteins were extracted, separated by SDS-agarose
gel electrophoresis, transferred to nitrocellulose membranes, and
MUC5AC detected with specific antibodies following published proce-
dures (40). A mouse anti-human MUC5AC monoclonal antibody
(2Q445; U. S. Biologicals) recognizing the unglycosylated tandem
repeat region of MUC5AC (41), and a specific rabbit antiserum, named
MUC5AC-062, obtained against a peptide (TWTTWFDVDFPS) of the
MUC5ACCys-5 subdomain, respectively, were employed in these stud-
ies. As judged by protein blotting, this antiserum specifically detects the
same molecular species of MUC5AC recognized by another well char-
acterized rabbit anti-MUC5AC (41), including cystine-reduced, ungly-
cosylated, andO-glycosylated monomers, but not unreduced species of
this mucin (not shown).

Other Methods—Cellular DNA was purified from cell extracts using
the DNeasy Tissue kit from Qiagen and its concentration estimated by
absorbance at 260 nm. Protein concentration was determined by the
bicinchoninic acid assay using reagents fromPierce. The sialic acid con-
tent in cultures of HT29-SHGFP-MUC5AC/CK cells was assessed by
microscopy using SNA-biotin (Vector Laboratories) as the specific
label. Thus, cells were fixed with methanol at�20 °C, nonspecific bind-
ing sites blockedwith 10% (w/v) bovine serumalbumin in PBS, and sialic
acid residues located with SNA-biotin (0.05 �g/ml in PBS) and strepta-
vidin-rhodamine. XY serial images of the cultures were obtained via
confocal microscopy.

RESULTS

Inhibition of Mucin-type O-Glycosylation Alters SHGFP-
MUC5AC/CK Intragranular Mobile Fraction and Mobility—Mucin-
typeO-glycosylation is themajor post-translational modification of gel-
forming mucins, and it can represent up to 90% of their molecular
weights (4). To assess the relative importance of this modification in
intragranular organization, O-glycosylation was inhibited in HT29-
SHGFP-MUC5AC/CK mucous intestinal adenocarcinoma cells (26).
These cells stably express SHGFP-MUC5AC/CK, a fusion protein con-
sisting of a secreted form of GFP and the CK domain of MUC5AC, one
of the five human gel-forming mucins known. SHGFP-MUC5AC/CK
does not covalently bind to endogenous MUC5AC, but it is stored
inside the mucin granules (26). To inhibit O-glycosylation, cells were
grown in the presence of compound 2-68A. This uridine derivative is a
specific competitive inhibitor of the UDP-GalNAc:polypeptide �-Gal-
NAc-transferase family of glycosyltransferases that initiate mucin-type
O-glycosylation (31). Cultures incubated with vehicle (dimethyl sulfox-
ide) (Fig. 1A, a and b) or compound 2-68A (c and d) appeared to have
comparable number of mucous cells with numerous mucin granules
each (Fig. 1B), suggesting that compound 2-68A was not toxic under
these conditions.
Because it has been reported that inhibition of O-glycosylation by

uridine derivatives triggers cellular apoptosis in different cell types (31,
42), it was important to assess whether the degree of cellular apoptosis
differed between control and 2-68A-incubated cultures. Thus, the activ-
ities of caspases 3 and 7, two well characterized apoptosis markers (43),
were determined in cell lysates of mucous cells incubated for 48 h in the
presence of vehicle or compound 2-68A. As shown in Fig. 1C, the
respective cellular levels of caspase 3/7were very similar, suggesting that
under these experimental conditions, compound 2-68A did not induce

apoptosis. To validate these results, we generated NIH-3T3 cells stably
expressing SHGFP-MUC5AC/CK, the same protein expressed by the
mucous cell line. NIH-3T3 is a cell line known to undergo apoptosis
upon inhibition of O-glycosylation with uridine derivatives (42). Con-
sistent with these reports, the addition of compound 2-68A to NIH-
3T3-SHGFP-MUC5AC/CK fibroblasts resulted in increased caspase
3/7 activities within an hour (Fig. 1D) and widespread and extensive
cellular apoptosis 24 h later (Fig. 1E).
The effectiveness of compound 2-68A as anO-glycosylation inhibitor

in mucous cells was assessed by determining the incorporation of a
radioactive monosaccharide into cellular glycoproteins. In these stud-
ies, cells preincubated for 24 hwith vehicle (dimethyl sulfoxide) or com-
pound 2-68A were metabolically labeled with [3H]GlcNAc for another
24 h in the presence of dimethyl sulfoxide or compound 2-68A. 3H-La-
beled proteins from cell lysates were separated from unincorporated
radioactive monosaccharide by gel filtration and the radioactivity in
each fraction quantified. Compared with control cells, cells incubated
with compound 2-68A had a much smaller signal in the excluded vol-
ume fractions (Fig. 1F), which contain proteins eluted from the column.
Similarly, compound 2-68A inhibited incorporation of [3H]GlcNAc
into high molecular weight glycoproteins/mucins fractionated by SDS-
agarose gel electrophoresis (see supplemental Fig. s1). Consistent with
these results, the cellular binding of SNA, a lectin specific for sialic acid
residues, was reduced in compound 2-68A-treated cells (see supple-
mental Fig. s2). These results are consistent with substantial inhibition
of mucin typeO-glycosylation by compound 2-68A in culturedmucous
cells, as has been reported in other cell types treated with uridine deriv-
atives in vitro and in vivo (31, 42).
Having provided experimental evidence that mucin-type O-glycosy-

lation was inhibited efficiently, whereas the mucous cells were not apo-
ptotic, we analyzed the intragranular FRAPparameters in granules from
vehicle- or compound 2-68A-incubated living mucous cells processed
in parallel. Because the inhibitor was added to cultures in which in vitro
mucous cell differentiationwas already in progress (26, 39), we expected
that after 2 days with the inhibitor, a significant fraction of underglyco-
sylated mucins and other glycoproteins would be present within the
granules. A spot of �0.26-�m radius in mucin granules with diameters
equal to or larger than 1.1 �m was photobleached, and the recovery of
the fluorescence within the bleach spot followed over time (26). Similar
to control granules (26), in the presence of compound 2-68A intralumi-
nal SHGFP-MUC5AC/CK was fractionated between a mobile and an
immobile phase (Fig. 2A). However, as judged from the normalized raw
FRAP curves, 2-68A-incubated granules had a lower asymptotic recov-
ery value than control granules, suggesting a smaller SHGFP-
MUC5AC/CK Mf. Indeed, the differences between their respective
meanMf values were statistically significant (p � 0.01; Fig. 2B).

SHGFP-MUC5AC/CK intragranular characteristic diffusion times
or half-recovery times (t1⁄2) were determined after photobleaching from
the respective normalized, corrected fluorescence recovery curves fitted
to a one-phase exponential equation (26, 38). In both cases, a wide range
of t1⁄2 values were obtained (Fig. 2C), consistent with previous studies
(26), although the differences in their respective mean t1⁄2 values indi-
cated that compound 2-68A significantly (p � 0.01) increased SHGFP-
MUC5AC/CK mobility. Altogether these results suggest that mucin-
typeO-glycosylation influences both binding of SHGFP-MUC5AC/CK
to the intragranular matrix and its mobility through the granule fluid
phase.

Inhibition of Protein Sulfation Increases SHGFP-MUC5AC/CK Intra-
granular Mobility—Intragranular polyanionic matrix proteins appear
to be a critical feature for packing and unpacking of secretory products
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(17–20). Considering the effects of compound 2-68A and that sulfation
and sialylation of O-glycans endow mucins with their characteristic
anionic nature (4), we wanted to assess the relative importance of these
two modifications for intraluminal organization in mucin granules.
Here we describe experiments aimed at inhibiting protein sulfation,

whereas studies on the inhibition of sialylation are described in the next
subsection.
To reduce intragranular sulfation, we incubatedmucous cells for 48 h in

the presence of sodium chlorate, a well established inhibitor of the biosyn-
thesis of 3�-phosphoadenosine 5�-phosphosulfate, the universal sulfate

FIGURE 1. Degree of apoptosis and [3H]GlcNAc protein incorporation in cells incubated with compound 2-68A. A, representative xy (a and c) or xz (b and d) confocal images of
live HT29-SHGFP-MUC5AC/CK cells incubated for 48 h in vehicle (a and b) or compound 2-68A (c and d). Scale bar � 10 �m. B, representative mucous/goblet cell from a cell culture
incubated in the presence of compound 2-68A. Scale bar � 2 �m. C, activity levels of caspases 3/7 per �g of total protein in cell lysates of HT29-SHGFP-MUC5AC/CK cells, previously
incubated for 48 h with vehicle (Control) or compound 2– 68A. The graph shows the mean (�S.E.) values obtained with three independent cultures as a function of the reaction time.
Error bars indicate S.E. D, specific activity levels of caspases 3/7 in NIH-3T3 cell lysates obtained as in C except that cells were incubated with vehicle (Control) or compound 2-68A for
4 h. Error bars indicate S.E. E, representative xy confocal images of live NIH-3T3 cells incubated for 24 h in vehicle (a) or compound 2-68A (b). Notice that in the presence of 2-68A, the
cells lost their characteristic fibroblast morphology, becoming smaller and with widespread membrane bleeding and cell fragmentation/vesiculation. Scale bar � 5 �m. F, repre-
sentative result of studies assessing the incorporation of [3H]GlcNAc into cellular glycoproteins of HT29-SHGFP-MUC5AC/CK cells incubated with vehicle or compound 2-68A. Cell
extracts were fractionated in a Sephadex G-50 column, the radioactivity (cpm) in each fraction determined, and the results divided by the total protein in the respective cell extracts.
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donor (32). In the presence of chlorate, the percent ofmucous cells and the
numberof granules/cellwere similar to control cells (Fig. 3A). These results
are consistent with previous studies, suggesting that inhibition of mucin
sulfation with sodium chlorate does not affect the rate and amount of
mucin secretion (32). FRAP curves showed that in chlorate-treated gran-
ules, SHGFP-MUC5AC/CK was fractionated between a mobile and an
immobile phase, similar to granules in control cells (Fig. 3B). Although the

recovery plateau was reached earlier in chlorate-treated than in untreated
granules, they both shared the same asymptotic value. Consistent with
these observations, the difference between their respectivemeanMf values
was not statistically significant (p � 0.551; Fig. 3C). Conversely, the differ-
ence between their mean t1⁄2 values was statistically significant (p � 0.005;
Fig. 3D). These results indicated that SHGFP-MUC5AC/CK intragranular
mobilitywas inversely related to the intragranular contentof sulfate groups.
To assess the relative contribution of mucin-type O-glycans and

xylose-containing glycosaminoglycan chains to the cellular synthesis of
35SO4-labeled proteins, mucous cells were incubated with compound
2-68A or 4-methylumbelliferyl-�-D-xylopyranoside to inhibit mucin-
type O-glycosylation or glycosaminoglycan biosynthesis (33), respec-
tively. After 24 h, the culture medium was replaced with fresh medium
containing the respective compound and, in addition, 35SO4Na2, and
the cells incubated for another 24 h. 35S-Labeled proteins were
extracted from cell lysates and separated from unincorporated
35SO4Na2 by gel filtration. Although the radioactivity in the excluded
fraction of protein extracts from chlorate- and xyloside-incubated cells
dropped to �92% and � 23% (n � 3) of the value of control extracts,
respectively, the corresponding values from cells incubated with com-
pound 2-68A only diminished �8% (Fig. 3E).
Separation of DTT-reduced samples in 4–20% gradient SDS-poly-

acrylamide gels (Fig. 3F) corroborated these results and also sug-
gested that high molecular weight sulfated proteoglycans were the
major cellular sulfated glycoproteins. Thus, 35SO4 incorporation was
(a) largely confined to proteins that penetrated the stacking but not
the resolving gel (lane 1); (b) inhibited by chlorate (lane 2) and xylo-
side (lane 4); and (c) only very slightly decreased by compound 2-68A
(lane 3). In the presence of xyloside (lane 4), a diffuse smear of
35S-labeledmaterial appeared throughout the bottom half of the gels.
This smears likely resulted from xyloside-primed sulfated glyco-
saminoglycan chains synthesized in the cells (33) that were coeluted
from the gel filtration columns with the 35S-labeled proteins. Immu-
noblotting with anti-MUC5AC 062 antiserum showed that
MUC5AC penetrated the top of these gels (data not shown). These
results showed that sulfation in HT29-SHGFP-MUC5AC/CK cells
was effectively arrested by sodium chlorate and suggested that their
high molecular weight glycoproteins/mucins were poorly sulfated,
consistent with studies indicating that colon cancer mucins are
undersulfated (44). Hence the changes in SHGFP-MUC5AC/CK
mobility in the presence of sodium chlorate were likely caused by
diminished sulfation of high molecular weight, xylose-containing
intragranular proteoglycans. Purification of SHGFP-MUC5AC/CK
by metal affinity chromatography from 35SO4-labeled protein
extracts suggested that the single N-glycan oligosaccharide chain in
the fusion protein (26) was not sulfated (data not shown).

Inhibition of Sialyltransferases Reduces the Intragranular Mobility
and Mobile Fraction of SHGFP-MUC5AC/CK—To alter protein sia-
lylation, mucous cells were incubated in medium containing the
hexapeptide GDWWWW (P6SIAL). This peptide, which is an in
vitro competitive inhibitor of all sialyltransferases involved in the
biosynthesis of N- and O-linked oligosaccharides (34), has been
shown earlier to be an effective inhibitor of protein sialylation when
added to culturedmammalian cells (34). To test whether P6SIAL was
also an effective inhibitor in HT29-SHGFP-MUC5AC/CK mucous
cells, we prepared chemically fixed cells and used confocal micros-
copy to assess the binding of the sialic acid-specific lectin SNA.
Control cells processed in parallel were incubated with the hexapep-
tide WRGGSG (P6CON), which does not inhibit sialyltransferases
(34). As shown in Fig. 4A, lectin binding in control cells (a) clearly

FIGURE 2. Mobile fraction and mobility of intragranular SHGFP-MUC5AC/CK in live
mucous cells incubated with compound 2-68A. A, averaged (mean � S.E.) normalized
FRAP bleaching/recovery curves for 26 granules each of vehicle- (CON) and compound
2-68A-incubated cells, respectively. Error bars indicate S.E. A representative mucin gran-
ule in a 2-68A-incubated live goblet cell, showing pre- (left), immediately post- (center),
and 7 s postbleaching (right) confocal images is shown at the top of the plot. Scale bar �
0.5 �m. B, scatter plot of SHGFP-MUC5AC/CK intragranular Mf in control (CON) and
2-68A-treated live mucous/goblet cells. The respective Mf mean values (�S.E.) are
shown. C, scatter plot of SHGFP-MUC5AC/CK intragranular t1⁄2 in control and 2-68A-
incubated live mucous/goblet cells. The respective t1⁄2 mean values (�S.E.) are shown.
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decreased in P6SIAL-treated cells (b), with a reduction of �35% in
the mean intensity/pixel. These results showed that P6SIAL was an
effective protein sialylation inhibitor in mucous cells.
The percent of mucous cells and the number of granules/cell

appeared the same as in control cells (Fig. 4B). Moreover, diminished
sialylation did not prevent intragranular fractionation of SHGFP-
MUC5AC/CK between a mobile and an immobile phase, similar to
granules in control cells, as judged by FRAP (data not shown). How-
ever, the intragranular mean Mf value of SHGFP-MUC5AC/CK was
smaller (p � 0.005) in the presence of P6SIAL than with P6CON in
the culture medium (Fig. 4C), suggesting that reduction of sialic
residues increased the binding of SHGFP-MUC5AC/CK to the
mucin matrix. In addition, P6SIAL increased (p � 0.004) the fusion
protein t1⁄2 mean value over control cells (Fig. 4D), which indicates
that its intragranular mobility decreased when sialyltransferases
were inhibited.

Reduction of Disulfide Bonds Alters the Intraluminal Organization of
Mucin Granules—The FRAP analyses of mucin granules in live mucous
cells are consistent with a three-dimensional meshwork-like organiza-
tion of the intraluminal immobile fraction/matrix (26). This kind of
organization might involve, in addition to electrostatic links between
sialylated/sulfatedO-glycans inmucins andmultivalent cations (16, 17),
specific protein-protein interactions between mucin oligomers. In this

respect, formation of intra- and interchain disulfide bonds are critical
steps during the folding andmultimeric assembly of gel-formingmucins
(6) and would be expected to influence noncovalent homo- and hetero-
typic interactions.
To assess the importance of intragranular protein disulfide bonds in

mucin granule organization, we incubated mucous cells with THP, a
cell-permeable, disulfide reducing agent effective at acidic pH (35). Pre-
liminary studies showed that THP was well tolerated by HT29 mucous
cells at concentrations of up to 5 mM when added to regular culture
medium for 5 h or less. Higher concentrations or longer incubation
periods resulted in cell detachment.
The efficiency of THP was evaluated by analyzing the oxidation

status of intragranular MUC5AC, the major gel-forming mucin syn-
thesized and secreted by HT29 cells (45). Cellular proteins were
extracted under nonreducing conditions from control or THP-incu-
bated cells and reacted with iodoacetamide to prevent oxidation of
cysteine residues (40). Another protein sample from control extracts
was reduced with DTT and reacted with iodoacetamide. Proteins
were separated in SDS-agarose gels, transferred to nitrocellulose
membranes, and detected by Western blotting with antiserum
MUC5AC-062. This antiserum recognizes native MUC5AC in
which disulfide bonds are reduced, similar to a well characterized

FIGURE 3. Mobile fraction and mobility of intra-
granular SHGFP-MUC5AC/CK in live mucous
cells incubated with sodium chlorate. A, xy con-
focal images of a representative control (a) and a
sodium chlorate-treated (b) live mucous/goblet
cell, respectively. Scale bars � 1 �m. B, averaged
(mean � S.E.) normalized FRAP bleaching/recov-
ery curves for 16 granules each of control (CON)
and sodium chlorate (CHL)-treated cells. Error bars
indicate S.E. A representative mucin granule in a
2-68A-treated live goblet cell, showing pre- (left),
immediately post- (center), and 10 s postbleaching
(right) confocal images is shown at the top of the
plot. Scale bar � 0.5 �m. C, scatter plot of SHGFP-
MUC5AC/CK intragranular Mf in control and
sodium chlorate-treated live mucous/goblet cells.
The respective Mf mean values (�S.E.) are shown.
D, scatter plot of SHGFP-MUC5AC/CK intragranu-
lar t1⁄2 in control and sodium chlorate-treated live
mucous/goblet cells. The respective t1⁄2 mean val-
ues are shown. E, representative result of studies
assessing the degree of incorporation of 35SO4Na2

into cellular proteins of HT29-SHGFP-MUC5AC/CK
cells incubated with control, sodium chlorate,
compound 2-68A, or xyloside (XYL). Cell extracts
were fractionated in a Sephadex G-50 column, the
radioactivity (cpm) in each fraction determined,
and the results divided by the total protein in the
respective extracts. F, 35SO4-labeled cellular pro-
teins of mucous cells previously incubated with
vehicle (lanes 1 and 2), sodium chlorate (lane 2),
compound 2-68A (lane 3), or xyloside (lane 4) were
separated in 4 –20% gradient SDS-polyacrylamide
gels after reduction of disulfide bonds with DTT.
Protein bands were detected by fluorography.
MWM, molecular mass markers, which are given in
kDa; SG, stacking gel; RG, resolving gel.
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anti-MUC5AC antiserum4 (41). As shown in Fig. 5A (top gel), reduc-
tion of control extracts with DTT resulted in the detection of two
major high molecular weight bands (lane 1), which likely corre-
sponded to O-glycosylated and non-O-glycosylated reduced
MUC5ACmonomers, respectively (46). MUC5AC-62 antiserum did
not recognize any protein band from unreduced control extracts
(lane 2). In contrast, in protein extracts from cells previously incu-
bated with 1 mM (lane 3) or 5 mM THP (lane 4), MUC5AC-062
antiserum recognized the two MUC5AC species detected in protein
extracts reduced with DTT (lane 1). In addition, a smear, which
might correspond to partially reduced forms of MUC5AC oli-
gomers/multimers, appeared when cells were incubated with 5 mM

THP (lane 4) but not with 1 mM THP (lane 3) or when control
proteins were reduced with DTT (lane 1). These results showed that
THP reduced intra- and interchain disulfide bonds in MUC5AC and
likely other mucins and cystine-containing proteins.
Reblotting of the same nitrocellulose membranes with the mono-

clonal antibodyMUC5AC 2Q445, which only recognizes non-O-glyco-
sylated MUC5AC species irrespective of its oxidation state, clearly
increased the signal of the faster migrating MUC5AC forms in DTT-
(lane 1, bottom gel) and THP-reduced samples (lanes 3 and 4, bottom
gel). These results confirmed that the fastermigratingMUC5AC species
were non-O-glycosylatedmonomers. In addition, this antibody also rec-
ognized two protein bands in the unreduced control sample (lane 2,
bottom gel), which likely corresponded to non-O-glycosylated dimeric
and monomeric forms with intact intradisulfide bonds that prevented
their recognition by MUC5AC 062 antiserum. These results were not
surprising because disulfide-linked dimerization of gel-forming mucin
occurs in the endoplasmic reticulum prior to O-glycosylation in the
Golgi complex (6). It can be concluded, therefore, that intra- and inter-

chain disulfide bonds in intragranular mucins were reduced during the
incubation of the cells with THP.
When observed with the confocal microscope, THP-incubated living

mucous cells were similar to those in control cells with numerous,
highly fluorescent granules (Fig. 5B). FRAP analysis showed that the
intragranular SHGFP-MUC5AC/CK was fractionated between
the immobile matrix and the fluid phase, but the concentration in the
mobile fraction was significantly reduced (Fig. 5, C and D). Indeed,
SHGFP-MUC5AC/CK had an intragranular Mf average value of
12.23 � 2.38% compared with 44 � 1.98% in mucin granules of
control cells analyzed in parallel. These data showed that intralumi-
nal inter- and intrachain disulfide bonds were not required to main-
tain the intragranular organization. Hence, these results support the
notion that electrostatic bonds between sulfated/sialylated mucins
and multivalent cations, rather than interchain disulfide links and/or
noncovalent protein-protein interactions among mucins, are largely
responsible for holding the intragranular mucin matrix together
(16, 17).
Nevertheless, the results did not disprove that specific protein-

protein interactions could be important in mucin matrix condensa-
tion, during the early stages of biogenesis of the granule, when the
pH is less acidic. To test this possibility, we carried out FRAP studies
in mucous cells incubated with DTT, a well established, membrane-
permeable disulfide reductant effective near neutral pH (37), in the
presence of bafilomycin A1. Bafilomycin A1 is a specific inhibitor of
the vacuolar H�-ATPase that maintains the acidic pH in secretory
granules (36), and likely the mucin granules, as judged by immuno-
fluorescence studies in fixed cells (see supplemental Fig. s3). It is
important to notice that incubation of mucous cells with bafilomycin
A1 alone resulted in a � 20% increase in the mean value of SHGFP-
MUC5AC/CK Mf and, often, granules with irregular intraluminal
fluorescence distribution (26).4 J. Perez-Vilar and R. Mabolo, unpublished observations.

FIGURE 4. Mobile fraction and mobility of intra-
granular SHGFP-MUC5AC/CK in live mucous
cells incubated with P6SIAL. A, three-dimen-
sional projection of 12 xy confocal images com-
prising the entire cellular layer of HT29-SHGFP-
MUC5AC/CK cells incubated for 48 h in the
presence of P6CON (a) or P6SIAL (b). The cells were
fixed with methanol and stained with SNA-biotin/
streptavidin-rhodamine. Scale bar � 20 �m. B, xy
confocal image of a representative living mucous/
goblet cell incubated for 48 h in the presence of
P6SIAL. Scale bar � 3 �m. C, scatter plot of SHGFP-
MUC5AC/CK intragranular Mf in mucous cells incu-
bated for 72 h with a control peptide (P6CON) or
P6SIAL. The respective mean values (�S.E.) are
shown. Error bars indicate S.E. D, scatter plot of
SHGFP-MUC5AC/CK intragranular t1⁄2 in control
(P6CON) and P6SIAL-treated live mucous/goblet
cells. Error bars indicate S.E. The respective t1⁄2

mean values (�S.E.) are shown.
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FIGURE 5. Mobile fraction and mobility of intragranular SHGFP-MUC5AC/CK in live mucous cells incubated with THP. A, cellular proteins of mucous cells previously incubated
with vehicle (lanes 1 and 2), 1 mM THP (lane 3), or 5 mM THP (lane 4) were separated in agarose gels with (lane 1) or without (lanes 2– 4) prior reduction of disulfide bonds with DTT. The
proteins were transferred to nitrocellulose membranes and detected with anti-MUC5AC 062 rabbit antiserum (top blot) and then reblotted with anti-MUC5AC 2Q445 mouse
monoclonal (bottom blot). Positive bands were detected by chemiluminescence. G-Dimers/Oligomers, O-glycosylated disulfide-linked MUC5AC dimers/oligomers; G-Monomers,
O-glycosylated MUC5AC monomers; U-Monomers, MUC5AC monomers without O-linked oligosaccharides; U-Dimers, MUC5AC dimers without O-linked oligosaccharides. B, xy
confocal image of a representative living mucous cell incubated for 4 h in the presence of THP. Scale bar � 2 �m. C, a mucin granule in a representative control (CON) or THP-treated
live goblet cell, showing pre- (left), immediately post- (center), and 10 s postbleaching (right) confocal images. Scale bar � 0.5 �m. D, averaged (mean � S.E.) normalized FRAP
bleaching/recovery curves for eight granules in different control (top right inset) or THP-incubated goblet/mucous cells. Error bars indicate S.E.

Mucin Granule Intraluminal Organization

FEBRUARY 24, 2006 • VOLUME 281 • NUMBER 8 JOURNAL OF BIOLOGICAL CHEMISTRY 4851



Cultures incubated with both DTT and bafilomycin presented
mucous/goblet cells with abundant granules and intense intragranular
fluorescence (Fig. 6A), which appeared homogeneously distributed.
Granules with heterogeneous distribution of luminal fluorescence, like
those observed in bafilomycin-treated cells (26), were infrequent. Con-
trary to granules in control, bafilomycin- (26) or THP-treated cells,
photobleaching of bafilomycin/DTT-exposed granules resulted in an
almost immediate redistribution and sudden decrease of SHGFP-
MUC5AC/CK intragranular fluorescence (Fig. 6B) and, accordingly,
bleaching curves with virtually no recovery of fluorescence (Fig. 6C).
The absence of a bleach spot suggested that intragranular SHGFP-
MUC5AC/CK diffused very rapidly (38). In addition, the sudden reduc-
tion in the whole granule fluorescence intensity is consistent with
diminished intragranular concentration of the GFP fusion protein com-
pared with control, DTT- (not shown), bafilomycin- (26), or THP-ex-
posed granules (Fig. 5B) (38). Partial secretion of the granules, therefore,
would explain these observations.
This possibility of partial secretion of granule contents was investi-

gated by determining the secretion of [3H]GlcNAc-labeled proteins
from control or bafilomycin/DTT-treated cells. In these studies,
mucous cells were radiolabeled with [3H]GlcNAc for 24 h, washed with
PBS, and incubated for 4 h in unlabeled culture medium containing or
not bafilomycin/DTT. 3H-Labeled glycoproteins in the culturemedium
were collected by gel filtration and the radioactivity measured in the
exclusion volume fractions. As shown Fig. 6D, secretion of 3H-labeled
glycoproteins increased � 1.7-fold in bafilomycin/DTT-treated cells

over control cells. These results suggest that reduction of intragranular
disulfide bonds at neutral pH resulted in secretion of intracellular gly-
coproteins, consistent with the FRAP studies described above.

ATP Alters Mucin Granule Intraluminal Organization—Two
potentially important concepts can be derived from the studies with
bafilomycin/DTT described above. First, an alteration of the intralu-
minal organization (i.e. the immobile mucin matrix) could lead to
accelerated mucin granule discharge. Second, an intact immobile
matrix was not an absolute requisite to have morphologically normal
granules. In view of these two possibilities, we decided to assess by
FRAP analysis the intraluminal environment in granules of cells
exposed to ATP, an established mucin secretagogue. We have shown
before that in HT29-SHGFP-MUC5AC/CK cells, SHGFP-
MUC5AC/CK is discharged from mucin granules within minutes of
adding ATP (26). However, in these studies, it was also apparent that
in many of these mucous cells not all of the SHGFP-MUC5AC/CK-
containing granules disappeared after the addition of secretagogue.
Moreover, a significant fraction of the goblet cells apparently was
unresponsive to ATP. The reason for this heterogeneous response to
ATP has not been yet investigated, but it may be related to the
presence of goblet cells at different stages of their maturation proc-
ess, secretagogue degradation, and/or perhaps an inherent genetic
limitation (i.e. low P2Y2 receptor expression) of the carcinoma cell
line used. It must be noticed, however, that incomplete discharge of
mucous cells upon the addition of secretagogue has been reported in
the past in more physiological relevant model systems (e.g. 47).

FIGURE 6. Mobile fraction and mobility of intra-
granular SHGFP-MUC5AC/CK in live mucous
cells incubated with bafilomycin A1/DTT. A, xy
confocal image of a representative bafilomycin
A1/DTT-treated live mucous/goblet cell. Scale
bar � 2 �m. B, a representative mucin granule in a
DTT/bafilomycin-incubated mucous cell, showing
pre- (left), immediately post- (center), and 5 s post-
bleaching (right) confocal images. Scale bar � 0.5
�m. C, averaged (mean � S.E.) normalized FRAP
bleaching/recovery curves for six granules in dif-
ferent control (top right inset) and bafilomycin
A1/DTT-treated goblet/mucous cells. Error bars
indicate S.E. D, representative result of studies
assessing the incorporation of [3H]GlcNAc into
secreted proteins of control (CON) or bafilomy-
cin/DTT-incubated (DTT/BAF) HT29-SHGFP-
MUC5AC/CK cells. After the metabolic labeling
with [3H]GlcNAc, proteins in the culture medium
were fractionated in a Sephadex G-50 column,
the radioactivity (cpm) in each fraction was
determined, and the results were divided by the
total DNA in the respective cell extracts.
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For these studies, live mucous cells were incubated in the presence of
ATP and observed 30 min later via confocal microscopy. Mucous/gob-
let cells with granules larger than 1.1�mindiameterwere identified and
analyzed by FRAP. Fig. 7A shows the granular mass of one of these cells
just before (a) and after the addition of ATP (b). The number of fluo-
rescent granules diminished after the addition of ATP, consistent with
total lumen discharge of a fraction of them (26). Nevertheless, many of
the granules still had intraluminal fluorescence, which indicated incom-
plete or no SHGFP-MUC5AC/CK secretion. In addition, the differ-
ences in the sizes of control and ATP-incubated granules were statisti-
cally significant (p � 0.001; Fig. 7B), consistent with partial granule
discharge. FRAP studies corroborated this initial assessment. First, the
whole granule intraluminal fluorescence diminished rapidly and virtu-
ally did not recover afterward (Fig. 7C). Second, a bleach spot was not
observed, and, accordingly, the FRAP curves showed the absence of a
recovery phase (Fig. 7D). These results suggest the existence of highly
mobile, but quantitatively limited, SHGFP-MUC5AC/CK in postexocy-
tosis mucin granules.

DISCUSSION

The intragranular SHGFP-MUC5AC/CK FRAP parameters Mf and
t1⁄2 give a direct assessment in living mucous cells of the relationship
between the fusion protein and the granule (mucin) matrix and, indi-
rectly, of its organization (26, 38). Reduction of mucin-type O-glycans
increased both SHGFP-MUC5AC/CK intragranular mobility and its

binding to the mucin matrix (Fig. 2). Three major albeit tentative con-
clusions can be drawn from these results. First, SHGFP-MUC5AC/CK
binds to protein, rather than to O-glycan-rich, regions of the granule
matrix. For instance, the MUC5AC/CK domain in the fusion protein
could be interacting noncovalently with its native counterpart or other
protein domain in intragranular mucins. Second, steric hindrance by
mucin-type O-glycans likely prevents binding of the fusion protein/
secretory proteins to themucinmatrix, i.e. to the unglycosylatedmatrix
proteins. This conclusion is also supported by the observation that inhi-
bition of sialylation, one of the most important modifications in mucin-
type O-glycans, also decreased SHGFP-MUC5AC/CK mobile fraction
(Fig. 4). Third, mucin-type O-glycans limit the diffusion of secretory
proteins through the granule fluid compartment. Mucin intragranular
matrix is likely forming ameshwork in which proteinsmove very slowly
(�0.01 �m2 s�1) through its pores (26). Collisions with mobile and
immobile proteins and with mucin O-glycans in the matrix meshwork
pores are expected to influence protein intragranular diffusion, as sug-
gested by studies addressing protein diffusion inside cell compartments
(48). Moreover, on the basis of their dipolar nature, water molecules
could form organized layers around acidic groups ofO-glycans, increas-
ing the intragranular viscosity (49). Indeed, SHGFP-MUC5AC/CK
intragranular mobility increased from inhibition of protein sulfation
(Fig. 3). Because mucin-type O-glycans appear to be undersulfated in
HT29-SHGFP-MUC5AC/CK cells (Fig. 3F), sulfate groups in high
molecular weight, xylose-containing proteoglycans (Fig. 3, E and F)

FIGURE 7. Mobile fraction and mobility of intra-
granular SHGFP-MUC5AC/CK in live mucous
cells incubated with ATP. A, xy confocal images
of a representative goblet/mucous cell before (a)
or 30 min after the addition of ATP (b). N, nucleus.
Scale bar � 1 �m. B, scatter plot of mucin granule
diameters in control (CON) and ATP-treated live
mucous/goblet cells. The respective mean values
(�S.E.) are shown. C, a representative mucin gran-
ule in an ATP-treated live goblet cell, showing pre-
(left), immediately post- (center), and 14 s post-
bleaching (right) confocal images, is shown at the
top. Scale bar � 0.5 �m. D, averaged (mean � S.E.)
normalized FRAP bleaching/recovery curve for six
granules in different ATP-treated goblet/mucous
cells. Error bars indicate S.E.
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might contribute to limit protein intragranular diffusion. Nevertheless,
although heparan sulfate is known to be expressed in HT29 cells (50),
the existence of intragranular proteoglycans in mucous/goblet cells
remains unproven.
Contrary to inhibition of sulfation, reduced sialylation diminished

SHGFP-MUC5AC/CK intragranular mobility. These apparently con-
flicting results can be explained by considering the regulation of mucin-
type O-glycosylation biosynthesis. Thus the control of the elongation
and termination of mucin-type O-glycans largely involves competition
among different families of enzymes, especially sialyl-, fucosyl-, and
sulfotransferases (44, 51, 52). The specific combination of these
enzymes and the relative levels of expression of each one of their mem-
bers dictate the types and abundance of mucin type O-glycans. In the
case of mucous HT29 cell strains, short sialylated O-glycan chains,
among them the trisaccharide T/S-GalNAc-Gal-SiaNAc, are predomi-
nant (53). Hence, inhibition of mucin sialylation would likely produce
an excess of mucin precursors with type 1 core structures, i.e. T/S-
GalNAc-Gal. This disaccharide could be further elongated or, alterna-
tively, modified into the type 2 core T/S-GalNAc-(GlcNAc)-Gal,
another of the core structures detected in HT29 cells (53), which would
be also available for further elongation. Ultimately, larger O-glycan
chains will increase the hydrodynamic hindrance on and impose a phys-
ical obstruction to the intragranular secretory proteins, explaining the
reduction in SHGFP-MUC5AC/CK GFPMf and its mobility.

Besides the high degree of O-glycosylation, gel-forming mucins are
characterized by the formation of disulfide-linked oligomers/multimers
(6). The protein domains involved in mucin multimerization are rich in
cysteine residues and lack O-glycans (6). Disruption of disulfide bonds
at the acidic pH of the mucin granule lumen did not alter mucous
cell/mucin granule morphology except that the SHGFP-MUC5AC/CK
mobile fraction virtually disappeared (Fig. 5). Novel interactions
between the reduced, likely unfolded, fusion protein and unglycosylated
cysteine-rich domains of the endogenous mucins could explain these
observations. In any case, it can be concluded that mucin covalent oli-
gomerization/multimerization is not required to maintain the con-
densed intragranular mucin matrix, at least, once the granules are
assembled as suggested earlier (16, 17). Physical interactions in the con-
text of the intragranular environment, i.e. acidic pH and high concen-
trations of multivalent cations, seem to be sufficient to hold the matrix
meshwork.
Yet, reduction of intragranular disulfide bonds at neutral pH pro-

foundly disorganized the granule lumen and, eventually, resulted in
granule discharge (partial) and also in the disappearance of the immo-
bile fraction (Fig. 6). In line with previous studies (16, 17, 26, 54), these
results give further support to the notion that intragranular acidic pH is
crucial for mucin matrix intragranular condensation. Most important,
these results also suggest that interactions involving folded proteins (i.e.
with native disulfide bonds) are relevant for the matrix condensation
mechanism albeit at an early stage, when the pH is less acidic, and prior
to completion of mucin granule maturation. In this respect, trans-Golgi
compartments and immature granules, the two organelles where gran-
ulematrix condensationmight commence, have less acidic intraluminal
pH than the mature granule (2, 3, 55).
Mucins are secreted by a poorly characterized Ca2�-dependent

mechanism, which recent studies suggest is modulated by themyristoy-
lated, alanine-rich protein kinase C substrate (MARCKS) (56, 57). By
interacting with the actin cytoskeleton and the mucin granule mem-
brane, MARCKS might direct the granules to docking sites on the cell
membrane. We have shown that mucin granule exocytosis can be trig-
gered by altering the intragranular matrix organization, in our case

increased intraluminal pH and chemical reduction of intragranular cys-
tine residues (Fig. 6). These results suggest that one of the early steps
during mucin-regulated secretion, prior to mucin granule trafficking
and docking, is a change in the granule intraluminal organization. This
concept is not novel. For instance, it has been proposed that a Ca2�-de-
pendent intragranular alkalinization of secretory granules of PC12 cells
precedes exocytosis (58).Moreover, secretory granule swelling has been
reported prior to exocytosis in pancreatic acinar cells (59). Although
increased intraluminal pH might be a functional alteration during the
prefusion phase of mucin granule exocytosis, reduction of disulfide
bonds is less likely to be present. In fact, proof of disulfide reduction
prior to or during secretory granule exocytosis in any cell type is lacking.
Although simple exocytosis can result in total fusion of the granule

with the cell membrane, it is increasingly clear that in many cell types,
secretory granules can be retrieved in one piece after exocytosis (4, 60).
Thus, the secretory granules/vesicles transiently dock and fuse with the
cell membrane, discharging none, part, or all of their cargo and, hence,
form in the process intact, partially, or totally empty secretory granules/
vesicles, respectively (e.g. 60–62). Our results with bafilomycin/DTT
(Fig. 6) and the mucin secretagogue ATP (Fig. 7) clearly suggested the
presence of partially discharged granules with limited SHGFP-
MUC5AC/CK and likely no intragranular matrix. Hence, these results
support the notion that transient simple exocytosis, rather thanmassive
compound exocytosis (63) or apocrine secretion (64), is prevalent in
HT29-SGFP-MUC5AC/CK cells under the conditions assayed. Such a
mechanism would suggest that the decondensation and expansion of
the mucin matrix take place extracellularly, either as the matrix
traverses the fusion pore or shortly thereafter.
In summary, the mucin granule lumen is organized into a pH-de-

pendent immobile, condensed (mucin) meshwork embedded in a
mobile or fluid phase where proteins very slowly diffuse (26). Charge
density (i.e. the degree of mucin sialylation and sulfation) of the mucin
matrix and other intragranular glycoproteins, and also the length of
their O-glycans, determine the mobility of secretory proteins through
the matrix pores. Mucin O-glycans also affected the accessibility of
secretory products to protein binding regions. Intraluminal acidic pH,
together with the high concentration of multivalent cations, maintains
the condensedmeshwork via noncovalent interactions. This is irrespec-
tive of the degree of mucin matrix covalent multimerization and likely
folding state. However, interactions among cystine-rich domains in
mucins are required during the early stages of mucin matrix
condensation.
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