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Abstract We have used two different approaches to de-
termine hydrodynamic parameters for mucins secreted by
guinea-pig tracheal epithelial cells in primary culture.
Cellswere cultured under conditions that promote mucous
cell differentiation. Secreted mucins were isolated as the
excluded fraction from a Sepharose CL-4B gel filtration
column run under strongly dissociating conditions. Bio-
chemical analysis confirmed the identity of the high mo-
lecular weight material as mucins. Analytical ultracentri-
fugation was used to study the physical properties of the
purified mucins. The weight average molecular mass(M,,)
for three different preparations ranged from 3.3x10° to
4.7x10° g/mol (corresponding to an average structure of
1-2subunits), and the sedimentation coefficient from 25.5
to 35 S. Diffusion coefficients ranging from 4.5x107° to
6.4x107® cm?/s were calculated using the Svedberg equa-
tion. A polydispersity index (M_/M,,) of ~1.4 was obtained.
Diffusivity values were also determined by image analy-
sis of mucin granule exocytosis captured by videomicros-
copy. The time course of hydration and dissolution of mu-
cin was measured and a relationship is presented which
models both phases, each with first order kinetics, interms
of amaximum radius and rate constants for hydration and
dissolution. A median diffusivity value of 8.05x10~8 cm?/s
(inter-quartile range=1.11x10"" to 6.08x10° cm?/sec)
was determined for the hydration phase. For the dissolu-
tion phase, a median diffusivity value of 6.98x10~° cm?/s
(inter-quartile range=1.47x10"% to 3.25x10~° cm?/sec)
was determined. These values were compared with the
macromolecular diffusion coefficients (D,,,) obtained by
analytical ultracentrifugation. When differencesin temper-
ature and viscosity were taken into account, the resulting
D374 Was within the range of diffusivity values for disso-
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[ution. Our findings show that the physicochemical prop-
erties of mucins secreted by cultured guinea-pig tracheal
epithelial cellsare similar to those of mucins of the single
or double subunit type purified from respiratory mucus or
sputum. These data also suggest that measurement of the
diffusivity of dissolution may be a useful means to esti-
mate the diffusion coefficient of mucins in mucus gel at
the time of exocytosis from a secretory cell.
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Introduction

Mucins are large glycoproteins with molecular weights
ranging from 1 to 40 million Da. They consist of a poly-
peptide backbone to which oligosaccharide side chainsare
attached via O-glycosidic linkages to serine or threonine
residues. They have a linear, disulphide linked subunit
structure with one subunit corresponding to a molecular
weight (weight average, M,,) of 2—3 million (Harding
1989; Sheehan and Carlstedt 1989; Sheehan and Carlstedt
1984 a). Mucins are the major macromolecular component
of mucus gels secreted by epitheliaand arelargely respon-
sible for the rheological behaviour of mucus.

Much of the information on the physical and chemical
propertiesof mucinshascomefrom studiesof material pur-
ified from animal epithelial secretions and from human
sputum. With the large quantities of sample availablefrom
these sources, techniques such aslaser light scattering and
analytical ultracentrifugation (Harding 1989; Sheehan and
Carlstedt 1989) have been used to measure the diffusion
coefficient, sedimentation coefficient, molecular weight,



size distribution and radius of gyration of mucin macro-
molecules. Mucins from a single source exhibit polydis-
persity in their hydrodynamic properties. Moreover, simi-
lar ranges of hydrodynamic parameters are seen for mu-
cinsfromdifferent sourcesor even different species (Hard-
ing 1989).

The biosynthesis and secretion of mucins have been ex-
tensively studied in vitro using airway epithelial cells cul-
tured under conditions that promote a mucous secretory
phenotype (e.g. Kim and Brody 1989; Emery et al. 1995).
Biochemical analyses have confirmed that mucins are
expressed and secreted by such cultures (Kim et al. 1985;
Adler et al. 1990). However, there are, to our knowledge,
no studies reported on the measurement of hydrodynamic
properties of mucins obtained from cultured airway epi-
thelial cells.

Cultured airway epithelial cells have also been used to
study mucus gel expansion and hydration following exocy-
tosis (Verdugo et al. 1993; Verdugo 1984). On the surface
of mucous secretory cells, protrusions are observed which
expand rapidly and within 5 to 20 s form globules of hy-
drated mucus gel of up to 25 um diameter (Verdugo 1984).

In the present study, we have purified high molecular
weight glycoproteins secreted by primary cultures of
guinea-pig tracheal epithelial (GPTE) cellsand confirmed,
biochemically, their identity as mucins. Analytical ultra-
centrifugation was used to obtain values of molecular
weight and sedimentation coefficient, enabling diffusion
coefficients and polydispersity indices to be calculated.
The data indicate that mucins secreted by cultured GPTE
cells have molecular weights and polydispersities typical
of mucins from other sources.

Analysis of mucus gel hydration from secretory cells
present in primary cultures of GPTE cells enabled us to
measure the kinetics of the hydration of mucusgel and cal-
culate values for the diffusivity of the gel network expan-
sion. Mucus gelsformed in cell culture gradually dissolve
in the excess of cell culture fluid. This phenomenon al-
lowed usto extend the kinetic analysisto determine diffu-
sivity values for the dissolution of mucus gel networks.

After correction for differencesin temperature and vis-
cosity, the value for the macromolecular diffusion coeffi-
cient measured by hydrodynamic analysis of mucinsin di-
lute solution was similar to the value determined for the
diffusivity of dissolution of mucusgel. By contrast, thedif-
fusivity determined for the hydration phase was an order
of magnitude greater than the hydrodynamic value. We
suggest that the diffusivity of dissolution providesameans
to estimate the diffusion coefficient of mucins in mucus
gel at the point of exocytosis from a secretory cell.

Materials and methods
Materials

Ham’sF12 nutrient medium (Ham 1965), L-glutamineand
penicillin/streptomycin were obtained from Life Technol-
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ogies, Paisley, U.K. Vitrogen 100 was purchased from Im-
perial Laboratories, Andover, Hants, U. K. D-[6-2H]-Glu-
cosamine hydrochloride (22—-28 Ci/mmol) was supplied
by Amersham International plc, Amersham, Bucks., U.K.,
Sepharose CL-4B was purchased from Pharmacia Ltd.,
Milton Keynes, U.K. All other reagents were from Sigma,
Poole, U.K.

Cell culture

GPTE cells were isolated from male Dunkin-Hartley
guinea-pigs(300—500 g) by proteasedigestion (Wu 1986).
Primary cultures were initiated by seeding cells at a den-
sity of 1x10* cells’em? on to Falcon Primaria® 6-well
plates (35 mm diameter wells) coated with 0.7 ml of 0.25%
(w/v) collagen gel per 10 cm“ (Lee et al. 1984). Twelve 6-
well plates were seeded with cellsisolated from 5 guinea-
pig tracheae. Cells cultured for video microscopy were
seeded on collagen gel-coated 35 mm Primaria® dishes or
glass Lab-Tek™ Tissue Culture Chamber Slides™ (Nunc
products, Life Technologies Ltd, Paisley, U.K.).

Thecellswere cultured using 1.5 ml/well of serum-free
hormone-supplemented medium (Wu et al. 1985). Cells
were cultured at 37°C in a humidified incubator in an at-
mosphere of 5% CO,, 95%air. Culture mediawere changed
every third or fourth day. For glycoconjugate preparation,
secreted products were radiolabelled from day five with
D-[6-2H]-glucosamine hydrochloride (4 uCi/ml). Condi-
tioned mediawere collected from day 8 to either day 28 or
day 35in culture, centrifuged (3000 g for 5 min) toremove
cell debris, and stored at —20°C.

Preparation of high molecular weight glycoconjugates

Conditioned media from each preparation of cells (12x6-
well plates) were pooled (total volume approx. 1.0 1) and
the following protease inhibitors were added: PMSF
(0.1 mm), N-ethylmaleimide (5 mm) and EDTA (5 mm).
The mediawere concentrated (final volume ~50 ml) under
N, (45 psi) using a Y M10 Diaflo® membrane (molar mass
exclusion limit 10 kDa) in an Amicon® pressure cell. Con-
centrated media were extensively dialysed (6x2 1) at 4°C
against 10 mm NH,4HCO4 containing the same concentra-
tions of protease inhibitors as above. Concentrated mate-
rial wastreated successively with chondroitinase ABC (0.2
units/ml at 37°C for 18 hin 0.1 M Tris/acetate, pH 7.3),
hyaluronidase (type 1V-S, 2 units/ml at 37°C for 24 h, in
0.1 M sodium acetate, pH 6.0) and DNase | (20 units/ml
at 25°C for 18 h, in 0.15 M NaCl, 5 mm MgSO,, 75 mm
KH,PO,, pH 7.2) after dialysisagainst the appropriate buf -
fer. Samples (100 ul) were examined for digestion by gel
filtration on a TSK G4000SW column (0.75%30 cm; see
below). After final enzymatic treatment the material was
freeze-dried and stored at —20°C.

Freeze-dried material was reconstituted in 10 ml of
6 M guanidine hydrochloride (GuHCI) containing 10 mm
NaH,PO, (pH 6.5) and fractionated on a Sepharose
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CL-4B gel filtration column (2 cm diameter x50 cm, flow
rate 10 ml/h). Radioactivity in the collected fractions
(2 ml) wasassayed using liquid scintillation counting. Void
volume fractions were pooled and dialysed at 4 °C against
10 mm NH,4HCOg; theremaining fractionswere discarded.
The dialysed fractions were concentrated (final volume 1
to 2 ml) under N, pressure (45 psi) using a Y M 10 Diaflo®
membrane. An aliquot of each preparation was freeze-
dried to obtain a dry weight measurement. The prepara-
tions were dialysed against phosphate chloride buffer
(33 mm NaCl, 16.7mm NaHPO,, 16.7 mm NaH,PO,,
pH 6.8, | 0.10) and stored at —20°C prior to further pro-
cessing.

Enzymic digestion and S-elimination

Samples of the purified material were digested with the
following enzymes; chondroitinase ABC (0.5 units/ml) at
37°Cfor18 hin0.1 M Trisacetate buffer (pH 7.3); hepar-
inase type Il (2 units/ml) at 43°C for 18 hin 0.1 M so-
dium acetate buffer (pH 7.0) containing 1 mm CaCl,; hya-
luronidase type 1V-S (60 units/ml) at 37°C for 24 h in
0.1 M sodium acetate buffer (pH 6.0); bovine pancreatic
trypsin (1 mg/ml) at 37°C for 24 h in 50 mm Tris-HCI
(pH 8.0) containing 50 mm CaCl,; Pseudomonas species
keratanase (10 units/ml) at 37°C for 24 hin 0.2 M Tris-
HCI buffer (pH 7.4). They were also subjected to 3-elim-
inationin 50 mm NaOH, 1 M sodium borohydride at 45°C
for 16 h (Carlson, 1968). After 3-elimination, the pH of
the samples was neutralized by addition of acetic acid
(final concentration 5%). Control samples were incubated
in buffer alone.

Digests were filtered (0.45 pum pore size) and 50 pl
chromatographed on a TSK G4000SW gel filtration col-
umn (0.75x30 cm). The running buffer was 0.03 M potas-
sium phosphate, pH 6.8, and the flow rate was 0.5 ml/min.
Collected fractions (1 ml) were assayed using liquid scin-
tillation counting.

Analytical ultracentrifugation

Sedimentation equilibrium and sedimentation velocity
measurementswere performed with aBeckman (Palo Alto,
U.S.A.)) Optima XL-A analytical ultracentrifuge. Solute
distributions were recorded using absorption optics at
230 nm. Sedimentation equilibrium measurementswere of
the “low” or “intermediate” type (Creeth and Harding
1982) where the concentration at the meniscus remainsfi-
nite. These were performed at 20 °C and 2000 rpm. Phos-
phate chloride buffer dialysate (pH 6.8, 1 =0.10) was used
as areference blank. It was assumed that equilibrium had
been reached when two identical scanswere recorded sev-
eral hours apart; this occurred after 46 h. The final solute
distribution ASCII datawere analysed usingthe MSTARA
program (Harding et al. 1992).

Owing to the scarcity of material, the partial specific

volume (V) previously measured for pig gastric mucin
(0.64 ml/g) was used in the calculations: previous studies
(Sheehan and Carlstedt 1984 b; Carlstedt et al. 1983b) give
v for mucins in the range 0.62—-0.66 ml/g. For the same
reason, only one loading concentration was used
(0.6 mg/ml). Non-ideality effects were assumed small at
this concentration and M,, taken as =My, znp-

Sedimentation velocity measurements were performed
at 20°C and 35,000 rpm, with dialysis buffer as the refer-
ence blank. Consecutive scans were recorded at 20 min
intervals. Sedimentation coefficient values were deter-
mined by measuring the rate of movement of the boundary
per unit centrifugal field. The values obtained were nor-
malized to standard conditions of solvent density and vis-
cosity (that of water at 20°C) to give s,,, (van Holde
1985). Again, owing to scarcity of material, a single low
concentration was used for each analysis (0.6 mg/ml). As
with sedimentation equilibrium, concentration effects
were assumed to be negligible at low concentration.

Light microscope observation and recording
of mucus gel secretion

Videomicroscopy was performed using cells that had been
cultured for at least 15 days. Mucus gel secretion was ob-
served using an Olympus IMT-2 inverted microscope at
600x magnification under phase contrast or Normaski op-
tics using objective lenses with a long depth of field. A
heated stage was used to maintain temperature at 37 °C.
The pH was maintained at 7.4 throughout the observation
period by addition of HEPES buffer (final concentration
20 mm) to the culture medium. Cells secreting globules of
mucus gel were recorded via avideo camera, monitor and
S-VHS video recorder.

Mucus gel secretion was observed asthe appearance on
the cell surface of semicircular protrusions. These ex-
panded rapidly, reaching amaximum sizein 5—-15s. Pre-
liminary studies showed that after this initial expansion
phase (“hydration” phase) the area of the mucin secretions
began to decrease as they dissipated into the surrounding
culture medium (“dissolution” phase). The dissolution
phase occurred at a slower rate than the hydration phase,
and the secretions took 1—2 min to disappear completely.
We studied both phases.

Data collection

A total of 172 individual secretory events were collected
for analysis, from five different sets of cultures.

Three cultures were examined to assess the effect of
time in culture on secretion kinetics. Cells were video-re-
corded on days 15, 21, 25 and 29 in culture. Secretory
events from six cells were recorded from each culture per
day. One secretory event was selected from each video-re-
corded cell (total of 72 secretions).

Two cultures were analysed to evaluate differences
between individual cells. Five cells were video-recorded



after 15 or 16 daysin culture. Twenty secretory eventswere
chosen, at random, 5 or 6 minutes apart, from each of the
five cells recorded (total of 100 secretions).

Image analysis

In order to study kinetics, individual secretory eventswere
captured from the video tape as a series of 31 frames over
60 s. The area of the mucus gel in each captured framewas
measured using semi-automated computer software (M. E.
Electronics Ltd., Reading, U.K.), calibrated using the im-
ageof al0 umgraticule. Thefirstimagein each serieswas
loaded into the image analysis software and the outline of
thecell (the baseline) was drawn to theimage using atouch
screen and stylus. Eachimageinthe serieswasthen viewed
consecutively and the cell outline adjusted as necessary.
The image series was reexamined, with the baseline
blacked out by the computer, and the outline of the mucus
gel globule was drawn on each image. The area of the mu-
cus globule in each image was calcul ated.

Time and area data were recorded for each image in a
series. Each image was analysed 3 timesto reduce drawing
errors, and the averaged datawere used in further analysis.

Data analysis

To study both phases seen during a secretory event, we
extended the model of mucus gel swelling proposed by
Verdugo (1984). The Verdugo equation models mucus gel
swelling as a first order kinetic relationship between ra-
dius and time. We extended Verdugo's model, to account
for the dissolution of mucus gel. Thisis based on a model
for dissolution of solidswhere, for an approximately hem-
ispherical gel the radius decreases with first order kinetics
with respect to time. Theresulting expression that we used
to model mucus gel hydration and dissolution is:

I = Ruax (€74 —7H1) (1)

Wherer isthe radius (um) at timet (S); Ry IS the maxi-
mum radius (um); K, is the rate constant of mucus gel hy-
dration (s™) and ky is the rate constant of mucus gel dis-
solution (s™).

For each image the radius of the mucus gel globule was
calculated from its area, by assuming that the secretion was
hemispherical. The change in gel radius over time was an-
alysed by fitting Eq. (1) to the data using the Marquart al-
gorithm (Ultrafit nonlinear curve fitting package, Biosoft,
Cambridge, U.K.). Best fit values were obtained for R4
k, and ky. Goodness of fit was assessed by x* (Armitage,
1971).

Calculation of diffusivity values

Frontal diffusivity values were calculted using the egua-
tion:
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Fig. 1 Gel filtration elution profile of GPTE cell conditioned me-
dia on Sepharose CL-4B gel filtration column. Media from GPTE
cells, cultured as described in Methods, were collected over 5 weeks
and pooled. After concentrating, pretreatment with chondroitinase
ABC and hyaluronidase (see M ethods) and extensive dialysisagainst
10 mm NH4HCO;3, the sample was freeze dried, reconstituted and
chromatographed in 6 M GuHCI on a Sepharose CL-4B gel filtra-
tion column (2 cm diameterx50 cm, flow rate 10 ml/h). Radioactiv-
ity in the fractions (2 ml) was assayed by liquid scintillation count-
ing. The fractions which were pooled and subjected to further pro-
cessing and analysis are indicated by the bar

D= (Rina)* K (2)

based on Verdugo (1984) and Tanaka and Fillmore (1979)
where K can be k;, or ky. Therefore, two values were cal-
culated for each secretion: diffusivity of hydration (Dy,) and
diffusivity of dissolution (Dy).

Diffusivity values were analysed by one-way and two-
way analysis of varianceto detect differences between cell
culture preparations, age of culture and individual cells.
The components of variance were also cal culated to deter-
mine the sources of variation.

Results and discussion

Biochemical characterisation of high molecular
weight glycoconjugates secreted by GPTE cells

Numerous studies have shown that protease-dissociated
airway epithelial cellsadopt amucous secretory cell phe-
notype when cultured on collagen gel in serum-free, hor-
mone-supplemented medium (e.g. Wu et al. 1991; Wu
et al. 1990; Adler et al. 1990). In the present study we
cultured GPTE cells under similar conditions and inves-
tigated the hydrodynamic properties of mucins secreted
into the medium by the cells. High molecular weight ra-
diolabelled mucins were isolated from the cell-condi-
tioned medium by Sepharose CL-4B gel filtration chrom-
atography (Fig. 1). In order to eliminate the possibility
that the void volume material was contaminated with
DNA or glycoconjugates other than mucins, the cell con-
ditioned medium was pretreated with chondroitinase
ABC, hyaluronidase and DNasel before chromatography.
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Fig. 2 Enzymatic digestion and S-elimination of mucin samples
from GPTE cells. Gel filtration on TSK G4000SW column of puri-
fied mucin sample after treatment with the following enzymes; o un-
treated; A keratanase (10 units/ml, 37°Cfor 24 hin 0.2 M Tris-HCI,
pH 7.4) and O bovine pancreatic trypsin (1 mg/ml, 37°C for 24 hin
50 mm Tris-HCI, pH 8.0) and S-elimination (m) of samples of 50 mm
NaOH and 1 M sodium borohydride for 16 h at 45 °C; sampleswere
neutralised with acetic acid (final concentration 5%) after incuba-
tion (0 =untreated S-elimination sample). Following digestion, ali-
quots were filtered (0.45 um pore size) and 50 pl were chromato-
graphed. Running buffer was 0.03 M potassium phosphate (pH 6.8)
and the flow ratewas 0.5 ml/min. Collected fractions (1 ml) were as-
sayed for radioactivity by scintillation counting

Approximately 20% of the total radiolabelled material
eluted in the void volume of the column. The void vol-
ume fractions were pooled for further processing, the
other fractions were not analysed further. Dry weight
measurementsreveal ed that in three separate experiments
1.7, 0.8 and 0.4 mg of high molecular mass glycoconju-
gates were purified from about 1.0 | of conditioned me-
dium. The largest amount of material was obtained from
the cells which had been cultured for the longest time but
the differencesintheyield most likely reflect experimen-
tal variation (e.g. tissue from different animals, different
lots of cell culture components).

To confirm that the material isolated in the void volume
fractions was authentic mucin, samples were treated with
trypsin or various glycosidases and analysed by gel filtra-
tion (Fig. 2). The untreated samples contained only a sin-
glevoid volume peak. Chondroitinase ABC and hyaluron-
idase did not affect the samples as expected since the orig-
inal cell-conditioned medium had already been digested
with these enzymes. Heparinase had little effect on the
samples (~4% digested; data not shown), although kerat-
anase digested ~10% of the void volume material (Fig. 2).
The results show that glycosaminoglycans were not major
components of the purified samples. The keratanase result
may be anticipated since some glycoproteins act as sub-
strates for this enzyme (Fukuda and Matsumura 1976). A
similar pattern of resistance to proteoglycan-digesting en-
zymes has been previously reported in high molecular
weight glycoconjugates secreted from cultured GPTE cells
(Adler et al. 1990).

A large decrease in size was observed after tryptic di-
gestion (Fig. 2). Thisis consistent with a model of mucin
structure in which regions of naked protein are present

Tablel Summary of physical biochemical analysis of GPTE mu-
cin samples

Sample 10°xM,, 107°xrangeof S,g, 108><D2%W
(g/mol)? M, (r) values (S (cm?/s)

1 4.7+0.3 1.0-6.0 285+24 45+05

2 3.3+x0.2 0.5-6.0 285+3.0 6.4+1.0

3 45+04 1.0-6.5 35.0+7.0 58+1.2

@ From extrapolation of M” (r) function to the cell base (asin Fig. 3b)
b Do, calculated using the Svedberg equation (Svedberg and Pe-
dersen, 1940) and the results for M,, and sy,

between heavily glycosylated domains (Harding 1989;
Sheehan and Carlstedt 1989). The“naked” peptideregions
would be susceptibleto proteinase attack generating lower
molecular weight oligosaccharide-rich glycopeptides. Af-
ter alkaline borohydride treatment more than 80% of the
radiolabel eluted in the included volume of the column
(Fig. 2); thiswould be expected astheremoval of O-linked
carbohydrates and the breakdown of the peptide core will
reduce the size of mucin molecules. A similar pattern of
digestion and 3-elimination wasobservedfor all three sam-
ples.

These biochemical analyses provide strong evidence
that the high molecular weight glycoconjugates purified
from GPTE cell-conditioned media are authentic mucins.
These data are consistent with reports on the secretory
products of human (Wu et al. 1990), hamster (Wu et al.
1991) and guinea-pig airway epithelial cells (Adler et al.
1990).

Analytical ultracentrifugation of purified mucins

Sedimentation velocity. As aresult of the low concentra-
tion used, insufficient signal was obtained at 280 nm.
However, a measurable signal, albeit noisy, could be ob-
tainedinthefar u.v., at 230 nmwhere detection of the pep-
tide bond was possible. Despite the noise, the broadness
of the boundary clearly indicated considerable polydis-
persity in the samples. An estimate for the sedimentation
coefficient s, ,, was possible and the values obtained for
the three preparations (Table 1) were between those ob-
tained for mucin “subunits’ (~19 S) and those for cervi-
ca (40 S) and respiratory (50 S) mucins (Sheehan and
Carlstedt 1984 a).

Sedimentation equilibrium. Plots of In A3, against radi-
al displacement squared (Fig. 3a) had strong upwards
curvature indicating heterogeneity; this is typical for
bronchial mucins (Harding, 1984; Creeth, 1980). Extrap-
olation of the M” (r) function (Fig. 3b) to the cell base,
i.e. &£ (r)=1gavethewholecell (i.e. “wholedistribution”)
M,, (Creeth and Harding, 1982) for the 3 samples ana-
lysed (Table 1). The molecular weights obtained are, like
the sedimentation coefficient, between values obtained
for “mucin subunits” (M,, = 2—3x10°) and respiratory
mucins (M,, =5—18x10°) (Sheehan and Carlstedt 1989;
Sheehan and Carlstedt 1984 a; Harding 1984; Creeth and



Table2 Polydispersity of GPTE cell mucin samples
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Sample 107%xM,2 Polydispersity 1075xSD
index® of weight
(MJM,,) distribution

1 6.4+15 14 2.8

2 6.8+15 2.0 34

3 7.0+15 1.6 3.3

OF T T T T 3]
a) .
3 -1+ .o. 1
< ~
= .
- -
L] *’
2L . .M..‘. .
(X7 Y Y
n'c el .". .
00 02 04 06 08 1.0
€ (1)
5 T T T T
b) L]
4L -
9 .
* 3_ |
p .
w .
e ol s
e -
. o
1 f‘“"' 1
e e Gpo -o.. .
ok s,
00 02 04 06 08 1.0
()
7'5 T T T T
c) .
8 L]
= 50/ P
3\ L]
b=
e
< :
L 25t . i
“ .o.’..n..
- W o
. _'
98502 07 08 08 10
£ ()

Fig. 3a—c Sedimentation equilibrium of GPTE mucin. a Plot of log
concentration (absorbance at 230 nm) versus the normalised radial
displacement squared parameter & from a low speed sedimentation
equilibrium experiment on GPTE culture mucin sample 1, prepared
asdescribed in Methods. =0 corresponds to the air/solution menis-
cusand é=1thecell base. Rotor speed=2000 rev/min, temp=20°C;

ultracentrlfuge loading concentration was 0.6 mg/ml. b Correspond-
ing “M™ extraction of the whole cell distribution weight average
molecular weight My, 5o, for GPTE cell culture mucin sample. This
is obtained from extrapolatlon of the M” function to the cell base
(é=1). c Corresponding plot of (apparent) point average molecular
weight (My, (1)) versus &

Cooper 1984).

Translational diffusion coefficient. The diffusion coeffi-
cient was estimated, from the values obtained for s, ,, and
M,,, using the classical Svedberg equation (Svedberg and
Pedersen 1940). The results for the three preparations are
shown in Table 1. The data are similar to values published

@ Calculated from results obtained in the sedimentation equilibrium
experlments (Creeth and Pain 1967)

Calculated from M, and the M, estimated by extrapolation of the
M" function to the ceII base (asm Fig. 3)

previously for mucin subunits, measured directly using dy-
namic light scattering (D, =4.7x1078 cm?/s) (Sheehan
and Carlstedt 1984 &). Although we have determined D,
in an indirect way, we have avoided the classical problems
associated with dynamic light scattering measurements on
these materials (Harding 1989; Harper et al. 1985), large-
ly surrounding sample clarity.

The diffusion coefficients, along with the sedimenta-
tion coefficients and molecular weights from which they
were calculated, would appear to suggest that mucins se-
creted by cultured GPTE cells are of the single or double
subunit type (Harding 1989; Sheehan and Carlstedt 1989;
Sheehan and Carlstedt 1984).

Polydispersity. We have analysed the datato make amore
quantitative comment on the polydispersity evident from
the sedimentation velocity and equilibrium data records
(Fig. 3c¢). For thiswe used the (whole distribution) z-av-
erage molecular mass, M,: this enabled usto represent the
polydispersity asa“polydispersity index”, M_/M,, (Meth-
od | of Harding 1994). To obtain M,, the relationship de-
scribed by Creeth and Pain (1967) was used. The point
mass average molecular masses at the meniscus and base
(M (a) and M,,(b) respectively) were estimated from
Fig. 3candtheir respective concentrations(C(a) and C(b)
respectively) from Fig. 3a. We obtained avalue for M, of
~6.4x10° g/mol. If an extrapol ated value of (4.7+0.3)x10°
(from Fig. 3b) isused for M,,, then a polydispersity index
(M/M,,) of ~1.4 isobtained, confirming the high polydis-
persity of the mucin produced by these cultures. Thisval-
ue is actually likely to be an underestimate because we
have assumed non-ideality effects as negligible. In addi-
tion, using the Herdan relations (Creeth and Pain 1967;
Herdan 1949) and assuming a log-normal distribution
(Creeth 1980), a weight average standard deviation of
~2.8x10° g/mol is obtained. This result, and the corre-
sponding resultsfor the two other preparations, are shown
in Table 2.

Mucus gel secretion from cultured GPTE cells

GPTE cells were cultured on Primaria® dishes or glass
Labtek™ slides as described. After seeding, the cells pro-
liferated and formed confluent sheets in the centre of the
disheswith smaller coloniesin spacesat the periphery. Cil-



Fig. 4a, b Secretory cells can be seen in confluent areas and also
singly on the edge of colonies. |solated GPTE cellswere cultured in
serum-free, hormone supplemented medium on glass Lab-Tek™
chamberscoated with collagengel (0.25%w/v; 0.7 ml/10 cm?). Cells
were observed using an Olympus IMT-2 inverted microscope. Pho-
tographs aand b show cells under Normaski optics (magx600) after
11 dinculture. A secretory cell (large arrow) can be seeninthe cen-
tre of the field of view and a secretion (small arrow) can be seen on
its edge. Photographs a and b were taken 10 s apart

iated cellswere seen throughout the culture period. Secre-
tory cells were seen from day 7 onwards in both the con-
fluent areas (Figs. 4aand 4b) and singly in spaces on the
edge of colonies (Fig. 5).

A time course of mucus gel secretion is illustrated in
Fig. 5. After swelling rapidly post-exocytosis, the mucus
gel globules gradually dissolve in the excess fluid sur-
rounding the cell. Thisisin contrast to the in vivo situa-
tion where the mucus granules swell into an environment,
in the airways, where fluid volume is limited.

Mucus gel globules that achieved aregular hemispher-
ical appearance were selected for analysis of secretion ki-
netics. Only secretions from single cells were used, since
secretions from secretory cells in confluent areas rarely
achieved aregular hemispherical shape. Also, only secre-
tions that were well separated from other secretions from
the same cell were selected for analysis, because overlap-
ping secretions were difficult to analyse since the edges of
the individual secretions merged and were not clearly
visible.

20 20
Time (s)

Fig. 5 Time course of mucus gel secretion from a cultured GPTE
cell. Plot of mucus gel radius over a1 min period, and showing the
corresponding measured images. The curve (solid line) was gener-
ated by fitting equation 1 to the data () (see Methods). Ry, =
3.74 um, k,=0.372 571, ky=0.013 st and ¥°=0.11. GPTE cellswere
cultured, as described in Methods, for 15 d prior to video recording.
The cell was viewed under Normaski optics at 600x magnification.
The cell cytoplasm is granular in appearance and the secretion ap-
pears as a clear gel protruding from the cell perimeter (arrows)

Data analysis

A plot of data from a single secretion is shown in Fig. 5.
The maximum radius achieved by the 172 secretions
ranged from 2.4 to 7.5 um. Equation (1) was fitted to the
data generated from each secretion to obtain values for
Rax: K and ky. Goodness of fit was assessed by the x? test
which indicated that 97% of the fits were acceptable at the
5% level (i.e. x*<41.3). However, ~2% of the good x? fits
were obviously poor when the plotswere examined by eye.
These data were also excluded from the final statistical
analysis, leaving atotal of 162 secretions. Two other curve
fitting routines were employed. Both of these minimised
the sums of squares of residuals. Neither of these routines
gave R o K or kq results that were significantly different
to those given by Ultrafit.

Equation (1) was also expanded to include variablesfor
separate maximafor the hydration and dissol ution phases,
or avariable for time taken to reach maximum radius. No
significant improvements in the fits were produced by in-
creasing the number of variables (S. Dodd, unpublished
data). Therefore, EQ. (1) was considered to be the simplest
expression that gave an acceptabl e fit to the data, and was
used in al the analyses.

Diffusivity of secreted mucin gels

Frequency distributions of Log diffusivity (D) values cal-
culated from Eg. (2), for 162 secretions, are shown in
Figs. 6a(D;) and 6b (D). Two-way analysis of variance
indicated that there was no significant difference between
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Fig. 6a, b Frequency distributions of Log,, diffusivity values. a %
Frequency distribution of Log; Dy, calculated from equation 2. R,
and k,, were obtained by fitting Eq. (1) to data from the 162 secre-
tions analysed. The solid line represents the Gaussian distribution
calculated from the mean and SD of the Log,4 D, data. b % Frequen-
cy distribution of Log,o Dy calculated from equation 2. R, and ky
were obtained by fitting Eq. (1) to data from the 162 secretions an-
alysed. The solid line represents the Gaussian distribution calcul at-
ed from the mean and SD of the Log;, Dy data

cell culture and time in culture for the Log Dy, values
(p>0.05). There was a significant difference in Log D,
between the five single cells when analysed by one-way
analysis of variance (p<0.0001).

In contrast, when the Log D4 values were analysed by
two-way analysis of variance, there were significant dif-
ferences for time in culture (p=0.002) and for individual
cultures(p=0.003). Thegeneral trend, inthethree cultures
used, was an increase in Log Dy from day 15 to day 29 in
culture. There was also a significant differencein Log Dy
between the individual cells when analysed by one-way
analysis of variance (p<0.0001) over the same period.

During the experiments to assess the effect of time in
culture, one secretory event was selected from each of 72
cells. Data from this part of the study were more variable
thanthedatafromfivesinglecells. The componentsof var-
iancewere calculated for the datafrom the five single cells
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(Armitage 1971). Of the total variance, 63.8% and 57.9%
was attributable to differences between cells, for D, and
Dy respectively. This test showed that the variance was
mainly due to differences between cells rather than within
cells. Therefore, evidence from the statistical analysis sug-
geststhat secretions from the same cell have similar secre-
tion kinetics. Secretionsfrom separatecells, however, have
different kinetics. These results agree with previous stud-
ies (Aitken and Verdugo 1989).

The variability in the data may be a consequence of
cells synthesising mucin molecules of different size. Dif-
fusivity of apolymer isknown to decreaserelative to the
square of its length (Edwards 1986). The observed de-
crease in Dy during time in culture may be aresult of the
synthesisof mucinswith anincreased number of subunits.
Alternatively different MUC genes encoding larger core
polypeptides may be expressed at different timesin cul-
ture. MUCBHAC and MUC5B have been identified as two
secretory mucin gene productsin human respiratory tract
mucus (Hovenberg et al. 1996; Thornton et al. 1997), but
thereis no information available on the expression of dif-
ferent MUC genesin guinea-pig airway cells. Variability
in diffusivity may also be related to variation in glycos-
ylation and in ionic properties resulting from differential
expression of glycosyl transferases (Emery et al. 1997).
It isreasonable to conclude that the variability in the val-
ues for Dy, and Dy reflect the high polydispersity of mo-
lecular size of guinea pig mucins measured in free solu-
tion.

The median diffusivity values calculated, from the 162
secretions analysed, were: D, =8.05x10° cm? s (IQR=
1.11x10~" to 6.08x107%) and D4=6.98x10°cm?.s*
(IQR=1.47x10"8t0 3.25x10~%). The median Dy, for guinea
pig secretionsislower than Dy, results previously reported
for secretionsfrom rabbit tracheal epithelial organ cultures
analysed by a similar method (3x107° to 5x10™° cm?-s7%;
Verdugo et al. 1987; Aitken and Verdugo 1989; Verdugo,
1984). However, D,, values obtained using goblet cells
from mucosal explants from CF patients (3x108cm?-s7h)
and normal subjects (7.8x10~" cm?-s™; Verdugo et al.
1993) are similar to those calculated in this study.

Comparison of mucin diffusion coefficient
measured by solution hydrodynamic methods and
diffusivity values measured in secretion of mucus gel

The macromolecular diffusion coefficient, Dy, Can be
compared with the frontal diffusivity values, Dy, and Dy.
However, to make acomparison, it isfirst necessary to es-
timate D37 4 by adjusting Do, to take into account differ-
encesintemperatureand viscosity. D7 4 representsthedif-
fusion coefficient at 37 °C of mucin macromoleculesin a
gel of equivalent viscosity to the secreted mucus gel. Di-
rect comparison can be made between D37 o and the diffu-
sivity values, Dy, and Dy.

D37 4 Can be estimated by using the following relation-
ship (see, e.g. van Holde 1985):
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Themean D, from Table 1is5.6x10° cm?-s™. Thevis-
cosity of water at 20°C, gy, i$1.002 centipoise (cP). An
estimate of 17 4, the viscosity at 37 °C of the secreted mu-
cus gel, can be made as follows using literature data:

(3)

1. The reduced viscosity (1,eq) Of the mucus gel is esti-
mated at ~1160 ml/g by using the following equation
(Huggins, 1942):

Mrea = [N] (1 + K, [N] ©) (4)

a) Intrinsic viscosity [n] for amucin of molecular weight
~5x10% kDa is taken to be 240 ml/g (Fogg et a. 1996).
b) Huggins constant K, (which describesthe concentration
dependence of 1),o): ~0.4 (Creeth and Knight, 1967).
¢) The mucin concentration at the expanding edge of the
secreted gel isestimated to be ~4% (0.04 g/ml (Allenet al.
1976).

2. Ns7giscalculatedto be~33.2 cPusing Egs. (5) and (6):
ny =(’7red ' C) +1 (5)
’737|g =0y - Nazw (6)

where, 1), istherelative viscosity; and s, is the viscos-
ity of water at 37°C (~0.7 cP). This value for mucus gel
viscosity is within the range, 10 to 1000 cP, of previously
reported values (Marriott et al. 1982; Marriott 1982).

From the above Ds;4 can be estimated to be
~1.8x107° cm?-s™*. The range of possible D,q,, values
from Table 1 correspondsto arange of D37 4 valuesof 1.3
t0 2.4x107° cm?-s71. Notwithstanding the assumptionsin-
volved with Eq. (4) these values are still over an order of
magnitude less than Dy, (for the hydration process) meas-
ured by image analysis (Fig. 6a). This supports the view
that the diffusivity occurring during the hydration phase of
mucus gel globule secretion is an active process, i.e. it is
energetically driven. Thisconclusionisconsistent with the
results of Verdugo and colleagues. For mucus secretions
from rabbit tracheal organ cultures (Aitken and Verdugo
1989; Verdugo et al. 1987; Verdugo 1984), diffusivity of
hydration values were an order of magnitude greater than
diffusion of human cervical and respiratory mucins meas-
ured, in solution, by laser photon correlation spectroscopy
(Verdugo et al. 1983; Leeet al. 1977).

By contrast, the D, , value of ~1.8x107° cm?-s™* falls
within the range of the observed D4 (for the dissolution
process) values (Fig. 6b). Thisimplies that the movement
of mucins during the dissolution phase is not energetically
driven. In comparing the macromolecular with the frontal
diffusivities in this way we have, of course, assumed that
concentration dependent non-ideality effects are compar-
able.

In this study we have prepared high molecular weight
glycoconjugates from primary cultures of GPTE cells.
These molecul es were shown to possess properties typical
of mucins purified from other sources when analysed by

both biochemical and hydrodynamic techniques. The esti-
mated diffusion coefficientswere similar to those obtained
for mucins by dynamic light scattering (Sheehan and Carl-
stedt 1989). Our biochemical dataare consistent with apre-
vious study that examined the biochemical properties of
mucins secreted by GPTE cells in culture (Adler et al.
1990). However, to our knowledge, this is the first study
of the hydrodynamic properties of mucins collected from
cultured airway cells. Further studies are necessary (e.g.
thiol reduction) to establish the subunit composition of
these molecules. The weight average molecular weight of
4-5x10° for these samples corresponds to an average
structure of one or two of the “subunits’ (the entity left
after thiol reduction) defined by Sheehan and Carlstedt
(1989). Theresultsdo nonethel ess show that these cells se-
crete mucins with properties comparabl e to those found in
mucus from other species.

We have also described a technique to study and
characterise the behaviour and physical properties of
mucins in secreted mucus gel globules using video
microscopy. Comparison of the diffusion coefficient
from hydrodynamic analysis to the D4 value obtained
from the kinetics study showed that the two functions
are closely related. This comparison also demonstrated
that measurement of Dy provides a means in an in vitro
biological system to estimate the diffusion coefficient of
mucins in mucus gel at the time of exocytosis from a se-
cretory cell.
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