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Within the C-terminal domain of many secretory mucins is a
‘cystine knot’ (CK), which is needed for dimer formation in the
endoplasmic reticulum. Previous studies indicate that in addition
to an unpaired cysteine, the three intramolecular cystine bonds of
the knot are important for stability of the dimers formed by rat
intestinal mucin Muc2. The present study was undertaken to
determine whether the two N-glycans N9 and N10, located near
the first and second cysteines of the knot, also play a role in
dimer formation. The C-terminal domain of rat Muc2 (RMC), a
truncated RMC mutant containing the CK, and mutants lacking
N9 and N10 sites, were expressed in COS-1 cells and the products
monitored by radioactive [*S]Met/Cys metabolic pulse—chase
and immunoprecipitation. Mutation of N9, but not N10, caused
increased synthesis of dimers over a 2-h chase period. The N9

mutant remained associated with calreticulin for a prolonged
period. About 34-38 % of the total labelled products of RMC
and its mutants was secreted into the media by 2 h, but the pro-
portion in dimer form was dramatically reduced for the N9 mutant,
suggesting lower dimer stability relative to RMC or its N10
mutant. We conclude that under normal conditions the presence
of the N9 glycan functions to maintain a folding rate for mucin
monomers that is sufficiently slow to allow structural maturation
and stability of Muc2 dimers. To our knowledge this report is the
first demonstration that a specific N-glycan plays a definitive role
in mucin dimer formation.

Key words: calreticulin, dimer, mucus glycoprotein, N-glycosyl-
ation, proteasomal inhibitor.

INTRODUCTION

Located near the C-terminus of most secretory mucins is a 90—
100-residue motif termed the ‘cystine knot’” (CK) [1-8]. The same
motif is also present in diverse non-mucin proteins, and has a
conserved and distinguishing arrangement of cysteines that allows
classification of the CK superfamily into growth factor, small
inhibitor and cyclotide families (reviewed in [9,10]). The three-
dimensional configuration of some growth factor CKs has been
defined by crystallography [11-19]. The knot is maintained by
three pairs of cysteines that form disulphide bonds between Cys-1
and Cys-4, Cys-2 and Cys-5, and Cys-3 and Cys-6, respectively. In
the growth-factor group, the Cys-1-Cys-4 bond penetrates a ring
formed by the remaining cystines, and dimers are formed through
intermolecular disulphide bonds, hydrophobic interactions or
both [9]. Our previous studies of rat intestinal mucin Muc2
(rMuc?2) revealed that to form a dimer an unpaired cysteine (desig-
nated Cys X), adjacent to Cys-4 of the knot, bridges to the equiv-
alent Cys X on a neighbouring molecule. In addition, however,
there is an important contribution of the three internal cystine
bonds, especially that involving Cys-1-Cys-4, to the structural
stability and dimerization competence of the C-terminal domain
[20]. Our experiments also suggested the necessity of N-glyco-
sylation for correct maturation of the mucin domain, as treatment
with tunicamycin inhibited dimer formation as well as secretion
[21]. Since there are two N-glycosylation consensus sites in the
vicinity of Cys-1 of the knot, the present study was undertaken
to determine whether one or both of these N-glycans might
specifically influence the nature, extent or rate of dimer formation
and/or secretion of rMuc2.

During biosynthesis of glycoproteins, N-glycosylation is init-
iated co-translationally in the endoplasmic reticulum (ER), and

further maturation of oligosaccharides continues throughout
transport to the trans-Golgi [22]. The significance of N-glyco-
sylation in mucin molecules has not received much attention,
since N-glycans are in relatively low abundance and largely
confined to the end regions of the molecule. The dominant
glycosylation in mucins is the extensive O-linked oligosaccharide
component of the centrally located tandem repeat modules. In
non-mucin proteins, the role of N-glycans in processing, stability
and intracellular transport has been the subject of extensive
studies. N-linked glycans can influence protein folding, assembly
and topology of protein complexes, developmental maturation,
growth regulation, intracellular signalling, immune modulation
and other important functions [23-28]. Crystallization and other
structural studies have suggested that N-glycans do not affect
overall conformational changes in a protein backbone. They can,
however, reduce backbone flexibility and solvent access, and
thereby increase stability of a protein, sometimes even in regions
remote from the N-glycan-attachment sites [29,30].

N-glycans are also active participants in the maintenance of the
quality-control system of cells. Trimming and reglucosylation
of N-glycans ensure optimal protein interactions within the
ER [31,32], as the presence of glucose influences binding of
chaperones such as calnexin and calreticulin. Folding experiments
in Semliki forest virus and influenza haemagglutinin, for example,
have demonstrated that the position of an N-glycan on the growing
peptide chain may determine which molecular chaperone is
recruited for optimizing folding and stability [33].

There are indications that full-length mucins depend in some
fashion upon N-glycosylation for their maturation and secretion.
Treatment with tunicamycin retarded formation of higher-order
oligomers in rat gastric mucin [34], intestinal MUC?2 [35,36] and
other secretory mucins [36]. MUC2 has also been shown to bind

Abbreviations used: CK, cystine knot; endo H, endo-B-N-acetylglucosaminidase H; ER, endoplasmic reticulum; hCG, human chorionic gonadotropin;

RMC, rMuc?2 C-terminal domain; rMuc?2, rat intestinal mucin Muc2.

T To whom correspondence should be addressed (e-mail jfforst@sickkids.on.ca).

© 2003 Biochemical Society



894 S. L. Bell and others

N9 N10
1 23 56
N = O Qe e O O=0 = C
MUC2
MUC5AC : MUC5AC
PGM BSM MUC6 PGM
rat Muc2 PSM rat Muc2
MUC5B | MUCSB MUC5B
FIM B.1

Figure 1  The CK region near the C-terminus of rMuc2 and other secretory mucins

The distance from N to C represents the C-terminal 115 amino acids of rMuc2. Numbers 16 refer to the six conserved cysteines of the CK. X refers to the unpaired cysteine required for intermolecular
cystine-bond formation. Circles mark the approximate locations of N-glycosylation consensus sites as they occur in alignments of the secretory mucins rMuc2, human MUC2, MUC5AC, MUC5B,
and bovine submaxillary mucin (BSM), porcine submaxillary mucin (PSM), porcine gastric mucin (PGM) and frog integumentary mucin B.1 (FIM-B.1). The two N-glycosylation sites in rMuc2 (N9,

N10) are found — 5 and 4 17 residues from Cys-1.

calreticulin [37], indicating that chaperone interaction with N-
glycans is part of normal mucin maturation.

The present studies involved transient expression of the rMuc2
C-terminal domain (RMC) and mutant constructs in COS-1 cells
under radioactive pulse and metabolic chase conditions. Results
suggest that a specific N-glycan associated with the CK of
rMuc? alters the kinetics and structural integrity of the dimer.
Since early dimer formation is the first step in the complex
chain of polymerization and gel formation of secretory mucins,
identification of regulatory steps affecting dimerization is an
important goal. From this knowledge new opportunities may arise
for altering mucin production in diseases involving mucins, such
as adenocarcinoma, asthma, cystic fibrosis, epithelial infection
and inflammation.

EXPERIMENTAL
Mutation of N-glycosylation sites in the vicinity of the CK

Constructs were generated using pRMC and pCK as templates.
These constructs, and use of the expression vector pSVL, have
been described in earlier publications [20,21]. Construct pPRMC
encodes the signal peptide, a three-residue linker, and the C-
terminal 534 amino acids of rMuc2, which include 10 potential
N-glycan sites and the CK. Construct pCK encodes the signal
peptide, linker and the C-terminal 115 amino acids of rMuc2,
which includes the N9 and N10 consensus sites and the CK
(Figure 1). Near the 5'-end of each construct is a sequence desig-
nated D4553, which is a rMuc? epitope used earlier to develop a
synthetic peptide and a corresponding polyclonal antibody [38].
NO and N10 are located —5 and + 17 residues respectively from
the first cysteine (Cys-1) of the CK motif (Figure 1). Analogous
N-glycan sites occur in several other secretory mucins. N9 and
N10 consensus sites in both RMC and CK were mutated to alanine
using the QuikChange site-directed mutagenesis kit (Stratagene,
LaJolla, CA, U.S.A.). The altered sites were designated N9A and
N10A, or N9A/N10A in double mutants.

For mutation of N9 to alanine in pPRMC, complementary DNA
primers, 5'-CATGCATCCATAACCCTGCCAACACAGTCCCT-
TGCT-3' (sense) and 5'-AGCAAGGGACTGTGTTGGCAGGG-
TTATGGATGCATG-3' (antisense), were used. To mutate the N10
site, the primers 5-CAATGGCTGCGCCAAGGCCATCTCCA-
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TGAACTTCTG-3' (sense) and 5'-CAGAAGTTCATGGAGA-
TGGCCTTGGCGCAGCCATTG-3' (antisense) were used. All
primers were synthesized by the Centre for Applied Genomics,
The Hospital for Sick Children, Toronto, ON, Canada. The con-
structs were named pRMC-N9A and pRMC-N10A, respectively.
Site-specific mutagenesis was also performed on pRMC-N9A
using N10A primers to generate the double mutant lacking both
N9 and N10 (pRMC-N9/10A). Primers 5-ACTGTATCCATA-
ACCCTGCCAACACAGTCCCTT-3' (sense) and 5'-AAGGGA-
CTGTGTTGGCAGGGTTATGGATACAGT-3' (antisense) were
used to mutate N9 in the construct pCK. The N10 site was
mutated using the same N10A primer set shown for pPRMC above.
The resulting constructs were called pCK-N9A and pCK-N10A,
respectively. All mutations were confirmed by sequencing in both
directions.

Cell culture and immunoprecipitation

COS-1 cells (CRL-1650; ATCC) were cultured in Dulbecco’s
modified Eagle’s medium supplemented with penicillin
(100 units/ml), streptomycin (100 pg/ml) and 10 % fetal bovine
serum (Invitrogen, Carlsbad, CA, U.S.A.) at 37 °C with 5 % CO,.
Transfections were performed as described previously [20] using
LipofectAmine followed by a 48-h incubation in OptiMem (both
from Invitrogen). After starving the cells for 30 min in Dulbecco’s
modified Eagle’s medium deficient in cysteine and methionine,
radioactive pulse—chase studies were done with *S Pro-mix
in vitro Met/Cys cell-labelling mix (Amersham Biosciences
Canada, Oakville, ON, Canada). Pulse and chase times varied
as described in the appropriate Figure legends. Translation pro-
ducts were immunoprecipitated with anti-D4553 (anti-rMuc2)
antibody as described previously [20]. In some experiments pre-
cipitation was carried out with anti-calreticulin antibody (Affinity
Bioreagents, Golden, CO, U.S.A.). For these experiments the
stock antibody (4 ul) was incubated for 1 h with lysates that
had been precleared with 4 ul of rabbit preimmune serum
complexed to Protein A—agarose. The anti-calreticulin antibody—
antigen complexes were then precipitated with 50 ul of Protein
A-—agarose, washed twice with RIPA buffer, then once with 10 mM
Tris/HCI, pH 7.5, containing 0.1 % Nonidet P-40. The samples
were then suspended in 60 ul of Laemmli sample buffer for
SDS/PAGE.
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Proteasomal inhibition experiments involved similar pulse—
chase experiments in the presence or absence of 10 uM clasto-
lactacystin B-lactone (Sigma-Aldrich, St. Louis, MO, U.S.A.).
The B-lactone was dissolved in DMSO, added 1h prior to the
pulse and maintained during the 15-min pulse and 2-h chase
periods. The equivalent amount of DMSO (1%) alone was
added to control incubations, which gave results that were indis-
tinguishable from untreated samples (results not shown). The
lysates were immunoprecipitated as usual with anti-D4553
antibody before SDS/PAGE.

In separate experiments, RMC translation products were tested
for sensitivity to endo-B-N-acetylglucosaminidase H (endo H;
EC 3.2.1.96; New England BioLabs, Beverly, MA, U.S.A.) by
incubation of radiolabelled immunoprecipitated cell proteins with
50 units of enzyme in a total volume of 35 ul according to the
manufacturer’s instructions. Endo H sensitivity was detected by a
mobility shift of RMC during SDS/PAGE of immunoprecipitates
[39].

SDS/PAGE

Suspensions of immunoprecipitates were divided in two, boiled
for 3 min with or without the addition of dithiothreitol (final
concentration 10 mM), and the products separated by SDS/PAGE
(4-12% gels) at 125V unless noted otherwise. Gels were
fixed for 10 min (30 % methanol/10 % acetic acid, v/v), dried
and exposed to Kodak Biomax MR film. Autoradiograms were
scanned digitally with the FluorChem 8000™ imaging system
and bands were quantified using AlphaEase™ (both from Alpha
Innotech Corporation, San Leandro, CA, U.S.A.). Figures were
printed using a Kodak 8600 dye-sublimation printer.

Statistical analysis

Radioactivity incorporated into total products, dimers or
monomers of cell lysates or media was quantified as described
above and values were compared using a two-tailed unpaired
Student’s ¢ test. Differences were considered significant if P
values were <0.05. In experiments with S-lactone, results were
calculated as a percentage of DMSO-treated controls (set to
100 %), and expressed as means 1 95 % confidence limits.

RESULTS

Incorporation of [33S1Met/Cys into expressed products of pRMC
(rMuc2 C-terminal domain) and its N-glycan mutants
pRMC-N9A and pRMC-N10A

After 15 min of radioactive pulse and zero non-radioactive chase,
immunoprecipitates of lysates of pPRMC-transfected COS-1 cells
gave rise to a dimer (approx. 165 kDa) and a small quantity of
100 kDa monomer (designated ‘precursor’ monomer in earlier
publications [20]; Figure 2A). After thiol reduction the dimer
and monomer disappeared, and the only product was the reduced
monomer at about 90 kDa (Figure 2B). There were no secreted
products detected at this time (results not shown). By 2 h of chase,
the dimer of RMC lysates was more intense, and some of the dimer
and monomer appeared in the medium. With thiol reduction, the
medium products of RMC collapsed to give a single reduced
monomer band (Figure 2B). As observed and discussed in earlier
studies [21], the more highly glycosylated secreted products were
at positions of slightly slower mobility than those of cell lysates.
Thus the RMC monomer of rMuc?2 forms S—S-dependent dimers
at an early stage of biosynthesis (by 15 min), and at least some of
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Figure 2  Alterations in dimer formation by mutant RMC-N9A

COS-1 cells were transfected with pSVL (vector control, C), pRMC, pRMC-N9A (-N9) and
pRMC-N10A (-N10) constructs, pulsed for 15 min with %S Pro-mix, and products collected
after 0 and 2 h chase periods by immunoprecipitation with anti-D4553 antibody. Lysates and
medium were subjected to SDS/PAGE on 4—12 % gels after boiling for 3 min in the absence (A)
or presence (B) of 10 mM dithiothreitol. Molecular-mass markers (kDa) are shown on the left.
The arrow indicates the position of dimer species and the arrowhead marks monomers.

these products are secreted by 2 h. The same sequence of synthesis
and secretion was reported earlier for dimers of full-length human
MUC?2 secreted from LS180, T84 and HT29-N2 human colonic
cell lines [35]. As was true for full-length MUC?2, the RMC cell-
lysate products were sensitive to the enzyme endo H, in keeping
with their location in the ER, whereas the secreted products were
resistant, indicating that further maturation and processing had
taken place before secretion (results not shown).

Mutations of asparagine to alanine at N-glycosylation positions
N9 or N10 gave rise to dimers and monomers having mobilities
that were fractionally faster than those of the wild-type RMC
(Figure 2). This observation is consistent with the loss of one
N-glycan chain in the product of each mutant. The most striking
finding, however, was that mutation of the N9 consensus site
resulted in a more intense dimer and, by 2 h, a less intense mono-
mer than others. The decrease of monomer over time was not due
to premature secretion, as no N-glycan mutant products appeared
in the medium until 2 h (results not shown). The prominent dimer
of RMC-N9A became even more pronounced after 2h. Mu-
tation of the N10 site, on the other hand, produced the same
or slightly lower-intensity dimers than RMC at both 0 and 2 h of
chase. This overall pattern of products was reproducible in more
than seven independent transfections. As shown in Table 1 for
the 0 and 2 h chase periods, the dimers of RMC-N9A constituted
91.8 % of the total lysate immunospecific radioactivity, whereas
the comparable values for RMC and RMC-N10A were 75 and
70.6 % respectively. The difference between RMC and RMC-
NOA was statistically highly significant (P < 0.0001). Products
of the double mutant pRMC-N9A/N10A gave values that were
only slightly less pronounced than those of RMC-N9A alone,
whereas pPRMC-N10A behaved like RMC. Thus dimer formation
was favoured strongly in the absence of the N9 glycan.

Once secretion occurred, however, the high dimer/monomer
ratio exhibited by RMC-N9A was not preserved. In medium sam-
ples the ratio was much lower than in cell lysates (2.4 compared
with 17.2, Table 1), alerting us to the possibility that secretion
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Table 1

Distribution (%) of labelled translation products of RMC, RMC-N9A and RMC-N10A between dimer and monomer during expression in COS-1 cells

Dimer and monomer are expressed as a percentage of total incorporated ®$ in immunoprecipitates (with total range of values or + S.E.M. in parentheses) at 0 or 2 h of chase; n indicates the number
of independent transfections. Student’s ¢ test (two-tailed, unpaired) indicated a significant difference between RMC and RMC-N9A dimers (lysates, P < 0.0001; medium, P < 0.02), but not between
RMC and RMC-N10A (lysates, P =0.1232; medium, P = 0.2508) after a 2 h chase period. D/M is the average dimer/monomer ratio.

Total incorporated ®S (%)

0 h Chase 2 h Chase
Dimer Monomer D/M n Dimer Monomer D/M n
Lysates
RMC 75.0 (61.8-83.0) 25.0(17.0-38.2) 30 3 718(+13) 282 (+1.3) 25 8
RMC-N9A 91.8 (85.9-95.6) 8.2 (4.4-14.1) 1.2 3 945(+1.0) 55(+1.0) 17.2 10
RMC-N10A 70.6 (61.5-87.0) 29.5(13.0-38.5) 2.4 3 64.9(+4.0) 35.1(+4.0) 18 8
Medium
RMC 0 0 0 3 542 (+45) 458 (+45) 12 7
RMC-N9A 0 0 0 3 70.3(+3.9) 29.7(+3.9) 24 9
RMC-N10A 0 0 0 3 61.5(+4.0) 385(+4.0) 16 7
c K -N9 -N10 CK (2.1) or CK-N10 (2.9; an average of three transfections),

50 —
36~ - s
30 —
& 19
16 — “
Figure 3 Expression of the CK domain and N9 and N10 mutants

C0S-1 cells were transfected with vector control C, pCK, pCK-N9A and pCK-N10A. Pulse—chase
studies were performed as described in the legend to Figure 2. The results reflect a 1-h chase.
Lysates are shown after immunoprecipitation with anti-D4553 antibody and SDS/PAGE on a
4-20 % gel under non-reducing conditions. Filled circles (@) show the dimer and monomer of
CK-expressing cells (45 and 22 kDa respectively). The arrow indicates dimer (36 kDa) species
and the arrowhead marks monomers (19 kDa) in the CK-N9A and CK-N10A mutants.

and/or degradation of dimeric product may differ between these
constructs. Later experiments addressed this issue.

Incorporation of radioactivity into the products of pCK,
pCK-N9A and pCK-N10A

It was not possible to judge if the N9 and N10 mutations in
RMC exerted their effects directly on the CK, or through more
remote interactions with other regions of RMC. A shorter pCK
construct was therefore synthesized and expressed in COS cells to
examine the CK more directly. pCK is an N-terminally truncated
version of RMC, consisting almost entirely of the CK motif
(Figure 1). The only N-glycan sites present are those equivalent
to N9 and N10 in RMC. The radioactive product of the pCK
construct, which encodes fewer cysteine residues than pRMC,
was more difficult to detect on autoradiographs. However, with
longer exposure times (3—5 days) it was clear that pCK expressed
a dimer (mid-point 45 kDa) and a monomer (mid-point 22 kDa;
Figure 3). Both mutants pCK-N9A and pCK-N10A also formed
dimers and monomers (36 and 19 kDa respectively). The ratio
of dimer to monomer in CK-N9A (8.7) was greater than in either
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which is qualitatively similar to the lysate findings seen above
with RMC mutants. It was therefore concluded that N9 mutation
exerts dimerization effects directly on the CK.

Possible causes of prominent RMC-N9A dimers

Theoretically, the increased intensity of the RMC-N9A (and pCK-
NO9A) dimers could arise from several causes. Possibilities such as
differential transfection efficiency or differential effects on COS
cell viability of the N9A and N10A mutants were considered
highly unlikely. Mutation of asparagine to alanine changed only
two nucleotides out of several thousand, which would not be
expected to cause differential transfection efficiency. There were
also no measurable differences among the three expressed RMC
constructs in total cell lysate or medium protein, cell morphology
or Trypan Blue exclusion (>80 %:; results not shown). More
likely explanations that were considered included differences
in post-translational events, such as more rapid dimerization
of monomers of RMC-N9A, diminished secretion (retention) of
RMC-N9A dimers and/or decreased degradation (increased
stability) of RMC-N9A dimers. These possibilities were examined
in subsequent experiments.

Formation of dimers

Kinetic studies were carried out using a short (5-min) pulse time
to examine the early events of RMC product synthesis (Figure 4).
At zero chase time, incorporation was minimal in all of the
construct products. However, incorporation into dimers increased
progressively over the next 30 min and was most marked in
RMC-N9A (1.7-fold greater than in RMC), whereas RMC-
N10A showed the same or slightly less incorporated radioactivity
than RMC. During this period, a faint monomer band appeared
for RMC and RMC-N10A, but no monomer was detected for
RMC-N9A (results not shown), suggesting that initial dimer-
ization in RMC-N9A may occur too rapidly for the precursor
monomer to accumulate during the 5 min pulse period. The greater
rate of incorporation of radioactivity into RMC-N9A dimers,
coupled with the earlier finding of fewer monomers produced from
this mutant, suggest that the dimer is synthesized more rapidly in
RMC-NOA than in either RMC or RMC-N10A products. Whether
the RMC-N9A dimer has the same structural integrity as RMC or
RMC-N10A dimers was addressed in later experiments.
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Figure 4 Kinetic study of incorporation of *°S into pRMC, pRMC-N9A and
pRMC dimers

Mean values of three independent experiments showing incorporated %S into dimers as detected
in anti-D4553 immunoprecipitates of cell lysates after a 5-min pulse and chase periods as
marked. 4, RMC; B, RMC-N9A (top); A, RMC-N10A (bottom). Vertical lines show 95 %
confidence limits. IDV, integrated density values.

Secretory competence

To investigate the possibility that mutation of N9 results in less
efficient secretion, RMC mutants were compared by measuring
the percentage of total labelled mucin products (in cell lysates
plus medium) that was secreted into the medium. In transfection
experiments for all three mutants (n =7-9), the product in the
medium at 2h was proportionately the same, about 34-38 %
of the total labelled mucin (P > 0.5 when compared between
all construct products). Thus an overall deficiency of secretion
does not explain the increased intensity of RMC-N9A products
observed in cell lysates. As noted earlier, however, the distribution
of label between dimers and monomers differed between lysates
and media samples for the RMC-N9A construct (Table 1). The
difference suggests that there was more dissociation of dimer to
monomer after the RMC-N9A dimers were secreted. If so, the
enhancement of RMC-N9A dimerization in the ER is nullified
after secretion because the RMC-N9A dimers are unstable.

Stability of cell dimers

The ER-located chaperone calreticulin has been shown in earlier
studies to bind to precursors of human MUC2 [37], indicating
that this chaperone normally assists in the folding of full-length
mucin monomers to form stable dimers. Calreticulin was also
found to bind to RMC. The antibody to calreticulin was used
to immunoprecipitate cell products from all three constructs.
After a 15 min radioactive pulse and zero chase time, monomers
(and, more weakly, dimers) of all three constructs were detected
(Figure 5). Over the next 60 min the chaperone was released
gradually from all translation products, but of particular interest
was the higher and more prolonged association of calreticulin
with the dimers of RMC-N9A. RMC-N9A/N10A dimers gave a
similar result with calreticulin (results not shown). The delay of
calreticulin release suggests that these dimers were recognized

c AMC -N9 -N10 BAMC -N9 -N10 FAMC -N8 -N10
250 —
| ] ] —
o SR S -«
-u 30 60
chase time (min)
Figure 5 Immunoprecipitation of RMC, RMC-N9A and RMC-N10A with anti-

calreticulin antibody

CO0S-1 cells were transfected as described in the legend of Figure 2, pulsed for 15 min
and chased for periods as indicated. Lysates are shown after immunoprecipitation with anti-
calreticulin antibody and SDS/PAGE on 4-12 % gels under non-reducing conditions. The arrow
indicates dimers and the arrowhead indicates monomers. C indicates controls transfected with
vector alone. Molecular-mass markers (kDa) are shown at the left.
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Figure 6 Inhibition of proteasomal degradation of RMC, RMC-N9A, RMC-
N10A or RMC-N9A/N10A after treatment with clasto-lactacystin g-lactone

C0S-1 cells were transfected and pulse labelled as described in the legend to Figure 2. DMSQ
(controls) or DMSQ plus 10 nM B-lactone were added 60 min before the pulse, and during the
15 min pulse and 2 h chase. Lysates were immunoprecipitated with anti-D4553 antibody and
subjected to SDS/PAGE on a 4—12 % gel under non-reducing conditions. Integrated density
values ('IDV') of combined dimers plus monomers were expressed as a percentage of DMSO
controls set to 100 %, and the means for each construct shown as boxes. Vertical line denote
95 % confidence limits.

as non-native or misfolded relative to the others, and were
retained temporarily for further recycling through the quality-
control system of the cell [27].

Proteasomal degradation

A proteasomal peptidase inhibitor, clasto-lactacystin B-lactone,
the activated form of lactacystin [40,41], was suspended in
DMSO, added to transfected cells 60 min prior to pulse labelling
and was maintained throughout the 15 min pulse and 2 h chase
periods. An equivalent volume of DMSO alone was added to
duplicate transfections as controls. Figure 6 shows that RMC
and RMC-N10A increased above control levels in lysates by
approx. 75 and 45 % respectively after proteasomal inhibition,
but no significant increases in RMC-N9A or RMC-N9/10A were
detected. The confidence limits for RMC do not overlap with
either RMC-N9A or RMC-N9/10A. These findings suggest that
a portion of the N9-containing products (RMC and RMC-N10A)
is normally degraded in proteasomes within 2 h of synthesis.
Constructs lacking the N9 glycan, however, are not degraded
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in proteasomes but are retained in the ER by calreticulin. This
interpretation is consistent with the greater prominence of the
RMC-N9A dimers observed above in cell lysates.

DISCUSSION

To our knowledge this study is the first demonstration that a single
N-linked oligosaccharide may influence disulphide-dependent
dimer formation of a mucin. Our findings do not of course rule
out the possibility that one or more of the other eight N-glycans
of RMC could exert independent effects on this process. They
do suggest, however, that the N-glycan placement near a critical
area of folding (ie. near Cys-1 and Cys-2 of the CK) may have an
important conserved function. Mutation of the N10 glycan site did
not produce major changes in synthesis, maturation or secretion
of the RMC domain. In contrast, mutation of the N9 glycan site
caused dimer formation in the ER to be more rapid, and dimers
to remain more prominent than normal. Enhancement of dimer
formation occurred regardless of potential contributions by any
other N-glycans in RMC, since mutation of the N9 site in the
shorter pCK construct, which contains the N9 and N10 sites only,
also increased dimer formation.

The RMC-N9A mutation was not detrimental to overall
secretion rates for RMC. However, the relative concentrations
of labelled dimers and monomers differed in secretions versus
cell lysates for the N9 mutant. In particular, there was a major
decrease in the ratio of dimers to monomers in the media. Since
there was no premature secretion of RMC-N9A monomers, and
few monomers were detected in cell lysates at any time, it is
likely that the loss of the N9 glycan led initially to accelerated
but faulty subunit assembly into dimers. These products remained
in dimeric form within cells, but after secretion most dissociated
into monomers, even in the absence of reducing agents. Thus
the prematurely formed dimers may be held together by random
(unstable) disulphide or other weak interactions that do not survive
well once diluted in the secretion media.

The dimers of RMC-N9A were not degraded in proteasomes
during the 2h of experimental observation, since inhibition
of proteasomal enzymes by f-lactone did not cause further
accumulation of RMC-N9A dimers. At least some of the faulty
RMC-N9A dimers appear to have been retained in the ER, as
reflected by their abnormally high concentration in cell lysates and
their prolonged binding to calreticulin. This retention is consistent
with the notion that the assembled dimers were misfolded or
misaligned, thus recognized as non-native by the quality-control
system of the cells.

Extended calreticulin binding also occurred in the RMC-
NOA/N10A mutant. Calreticulin binding is reported to depend
upon deglucosylation/reglucosylation of particular N-glycans by
the folding sensor UDP-glucose/glycoprotein glucosyltransferase
[42]. In the absence of both N9 and N10 glycans it is clear that
calreticulin binding and the folding sensor must act on other moi-
eties, perhaps glucose residues of one or more of the other
N-glycans of RMC. Theoretically any of eight other N-glycans
in RMC could serve in this capacity. Calreticulin binding studies
were attempted on CK, CK-N9A and CK-N10A products to test
chaperone interaction in the absence of the other eight N-glycans.
Unfortunately calreticulin-labelled CK products in the im-
munoprecipitates were impossible to discern with confidence,
given the large population of other calreticulin-bound proteins
having the same size on gels (S. L. Bell, G. Xu, I. A. Khatri, R.
Wang, S. Rahman and J. F. Forstner, unpublished work). Whether
calreticulin bound to other N-glycans or to the RMC protein core
itself [43] cannot, therefore, be answered at this time.

© 2003 Biochemical Society

Our cumulative results are interpreted as indicating that the
NO9 glycan has a critical role in mucin biosynthesis, which is
to slow the rate of formation of dimers. This delaying action
probably permits sufficient time for the disulphide rearrangements
that are needed to assemble stable dimers that maintain their
structural stability even after secretion. The mechanism by which
the N9-glycan counterbalances the otherwise excessively rapid
folding and/or assembly process is uncertain, although some
precedents for this action have been recognized. For example, in
a study of the insulin receptor, Bass and colleagues [44] showed
that N-linked glycans and their interaction with the chaperones
calnexin and calreticulin delayed dimer formation, but facilitated
correct folding and transport competency of the peptide. In other
examples, both accelerated and decelerated rates of folding were
observed in association with specific N-glycan site mutations of
influenza haemagglutinin [45]. It is possible that the N9 oligo-
saccharide alters the ionic or electrostatic microenvironment of
the RMC polypeptide to reduce exposure of nearby thiol groups
to solvent [46], and thereby retard dimer formation.

Physical techniques have been useful in showing that attach-
ment of oligosaccharides to their peptide substrates sometimes
exerts profound local conformational effects, with subsequent
functional consequences on secondary processes such as chap-
erone binding, solubility, protein aggregation, receptor binding
and secretory transport (reviewed by [23,25]). Wormald et al.
[29,30] have reviewed NMR, molecular modelling and crystallo-
graphic data for a number of peptides, and have concluded
that linkages between asparagine of peptides and core N-glycan
carbohydrates are usually fairly rigid and planar. This decrease in
flexibility constrains the number of peptide conformations that
can be adopted, and is due to steric, hydrophobic and/or hydro-
philic interactions between the core glycan residues and neigh-
bouring amino-acid side chains. In consequence there is reduced
fluctuation and increased thermostability of tertiary or quaternary
folding of the protein.

There are also conformational influences on proteins bearing
O-linked oligosaccharides, including mucins. Closely spaced
clusters of O-glycans maintain an extended linear configuration
of the apomucin core [47-49]. In a recent study Satyanarayana
et al. [50] examined a 23-residue MUC7 peptide using CD
spectroscopy, NMR and molecular-dynamics simulation, and
demonstrated that the apopeptide was mainly in a S-strand
conformation, whereas the glycosylated counterpart adopted a
partially helical structure. The transition was due to a hydrogen-
bonded salt bridge between an O-glycan chain hydroxyl group
and a lysine side chain. Once in a helical configuration, the
glycopeptide exhibited a greater tendency to undergo hydrophobic
interactions and self-association.

Interesting relationships between N-glycosylation, disulphide-
dependent folding and dimer stability have been established
for the pituitary glycoprotein hormone family of CK-containing
proteins. Human chorionic gonadotropin (hCG), like the other
members of this family, consists of a heterodimer of CK-
containing « and 8 subunits. Feng et al. [51] showed that the two
N-linked oligosaccharides of the B subunit of hCG are required for
optimal folding kinetics of the CK of the § subunit. Interestingly,
co-expression of a normal « subunit and a slowly folding mutant
B subunit restored B subunit folding rates and provided stability
to the o heterodimer. An N-glycan at Asn-52 of the a subunit
(¢Asn-52), in close proximity to the first cysteine of the CK, was
shown to be critical for this function [52]. Crystallography of
hCG showed that the N-glycan on owAsn-52 forms intersubunit
hydrophobic contacts with five amino acids at the interface with
the 8 subunit [14]. Crystallography of human follicle-stimulating
hormone (hFSH), another pituitary glycoprotein hormone which
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also forms o 8 heterodimers, showed that the N-glycan on o Asn-
52 forms a hydrogen bond with Tyr-58 of the § subunit [19],
which is probably the mechanism responsible for stabilization of
the dimer.

There have been no physical studies probing the mechanism by
which the N9-glycan of RMC slows homodimer formation, but
the gonadotropin observations above suggest that an interaction
between RMC monomers mediated by the N9 glycan could be
considered. For example, the N9 glycan in each monomer may
provide a ‘spacer’, keeping the monomers separated until their
CK folding matures to the stage that stable disulphide-bonded
dimers can be formed. The use of a single N-glycan on each
monomer as a ‘spacer’ or ‘separator’ of monomers has been seen
in the case of IgG Fc chains [53]. The ‘open’ spacing between
the Cy2 domains in Fc homodimers is maintained by a single
N-glycan present in each Fc peptide. Progressive truncation of
the oligosaccharide shifted the open configuration to a more
‘closed’ one, which is known to cause decreased binding of the
Cy2 dimer to its Fc receptor. By analogy, in our mutant RMC-
N9A multiple alternative conformations may be possible, causing
dimers to form more rapidly than normal. The dimers may not be
as stable or transport-competent as native dimers, however. In the
presence of the N9 glycan mature dimers form, after which
the need for the N9 glycan disappears. This hypothesis is con-
sistent with earlier observations that exposure of mature RMC
dimers to N-glycosidase F removes sugars but does not alter dimer
stability [21].

Our results with RMC imply that the longer-term functional
effects of N9 glycan site mutation would be continuous formation
of incorrectly assembled dimers, slower than normal intracellular
transport of the dimers (partial ER retention), coupled with
secretion of an unstable mucin that readily dissociates and loses
its gel-forming properties. Prevention of N9 oligosaccharide
synthesis would thus reduce gel formation and/or viscoelasticity
of secreted mucin, and could be a specific target for therapy in
which increased luminal mucolysis is a desired goal. Intestinal
and/or pulmonary mucus obstruction, as seen in cystic fibrosis
and other chronic obstructive diseases, represent examples of
pathology that might benefit from this form of targeted mucolysis.
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