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Static and dynamic lint-~a~e~ng studies of solutions of ovine subm~a~ 
mucin (OSM) glycoproteins, fractionated by exclusion chromatography on 
Sephacryl S-1000, are reported. These experiments yielded information regarding 
the structure and conformation of the glycoprotein chain, in the form of weight- 
average molecular weights, M,, z-average radius of gyration, R_, and z-average of 
the inverse hy~od~~c radius, (Rh*)z. The values of (Rhl}z are found to correlate 
very well with the S-1000 elution vohune characteristics for four OSM fractions of 
different molecular weights. The structural parameters for these OSM fractions 
are, within experimental error, similar to those deduced for porcine submaxillary 
mucins (PSM) in earlier studies. The results suggest that, like PSM, the glyco- 
protein structure of OSM consists of linear chains constructed by covalently linking 
two or more elementary subunits together via disulfide bonds. In addition, the 
rigidity of the protein core of OSM is substantially greater than that observed for 
non-glycosylated-polypeptide random coils. Because (Z?hi),, and hence, elution 
volume depends only on the molecular weight of the mucin protein core, the M, 

calibration obtained for OSM should be applicable to the chromatography of other 
mucin ~ycoproteins. 

INTRODUCTION 

Mucin glycoproteins constitute a family of biopolymers whose major chemi- 
cal constituent is carbohydrate, and whose principal biological function is to impart 
viscoelastic, or viscosity-enhancing, character to gel-like, mucous secretions which 
perform protective functions in various biological systems1-5. The primary structure 
of mucins consists of a protein core, heavily substituted with oligosaccharides 
attached via glycosidic linkages to O-3 of serine and threonine residues. Three 
classes of mucin can be distinguished at this level of structure, based on the average 
length of the side chains. On average, subm~l~ mu&s have shorter oligo- 
saccharide side chains (2-5 sugars) than cervical (5-10 sugars) or gastrointestinal 
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mucins (10-15 sugars)4,5. 
In our earlier work, we focussed on the phyacochemical characteristics of 

porcine submaxillary mucins (PSM). By applying light-scattering techniques6-8, we 
established that, when appropriate precautions are taken to avoid mechanical 
shearing and proteolysis during purification, typical PSM preparations consist of 
polydisperse populations of molecules whose molecular weights are in the range 
M,,, = l-20 x 106. Preparative chromatography on Sephacryl S-1000 is a convenient 
means for fractionating these species in order to obtain more-homogeneous 
preparations for structural analysis 9. Based on studies of the molecular weight- 
dependence of the z-average radius of gyration, Rg,z, and the z-average inverse 
hydrodynamic radius, (Rhl)z, of PSM in 6~ Gdn. HCl as solvent, we deduced that 
the mucin macromolecules exist as linear coils. Treatment of the high-molecular- 
weight fractions with 2-mercaptoethanol results in a decrease6-8 m the molecular 
weight to M, = 1.8 x 106. Thus, the PSM glycoproteins appear to be synthesized 
by end-to-end linking of linear subunits, presumably via disulfide bonds. 

A further observation is that the PSM macromolecules undergo a self-associ- 
ation process in 0.1~ NaCl via non-covalent interactions at the chain ends to give 
a linear aggregates. Earlier observation& of branched PSM aggregate structures in 
0.1~ NaCl were proved* to be an anomalous species produced by lyophilization. 
Finally, when plotted versus the estimated molecular weight of the protein core, 
M p,w, the R,, and (Rhl)z values for submaxillarys, cervicallo, and gastrointestinal” 
mucins could be superposed on universal curves8: 

R,, = 0.57 M;,: (A) (1) 

and 

l/(R,‘), = 0.268 M”r,$ (A) (2) 

This suggests that the conformational properties of the protein core in each of these 
mucin classes is the same, and is independent of the average lengths of the car- 
bohydrate side-chains s. In comparison to non-glycosylated protein coils in 6~ 
guanidine (Gdn) - HC1-O. 1~ 2-mercaptoethanol, the characteristic ratio for the 
mu&i-core peptide is approximately three times as large, reflecting a substantial 
increase in conformational rigidity because of the side chain@. 

We now report results of a light-scattering study of four fractions of ovme 
submaxillary mucin (OSM) glycoprotein prepared by methodology similar to that 
developed for our earlier PSM investigation. It is of interest to compare the confor- 
mational properties of these two species in view of the fact that the average size of 
the carbohydrate side-chains of the OSM polymer (-2.0 sugars) is even smaller 
than that of PSM (2-3.5 sugars per side chain). 
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EXPERIMENTAL 

Methoak - (a) Isolation and purification. High-molecular-weight, native 
OSM was purified from frozen sheep-submaxillary glands as previously described12. 
Protease inhibitors were added in the initial steps, to lessen proteolysis, and the 
purified mucin solution was stored for a short time at 3” prior to light-scattering 
analysis. This avoids freeze-drying procedures which, in our prior studies of PSM, 
were founds to cause changes in mucin structure. 

(b) Chromatography. Solid guanidine hydrochloride was added to the 
purified OSM in water, to give a final concentration of 5~ Gdn-HCI containing -1 
to 1.5 mg of OSM per mL. A portion (-400 mL) of this solution was loaded onto 
a column (9 x 80 cm) of Sephacryl S-1000, the column was eluted with 5~ 
Gdn-HCl, pH 7 (Aldrich 95%, treated with activated charcoal, and ultrafiltered) 
at 200 mL per h, and 33-mL fractions were collected. Fractions were assayed for 
carbohydrate by the periodic acidachiff assay13, and pooled as follows: pool I, 
fractions 56-78; pool II, fractions 79-98; pool III, fractions 99-118; and pool IV, 
fractions 119-130. The four pools were then extensively dialyzed against water, 
and concentrated to -1 mg per mL in a Speed Vat evaporator (Savant Instruments). 

The pools were finally made to 5~ Gdn -HCl (Pierce, Sequanal grade), 1Om~ 
phosphate buffer, pH 7, and were rerun on a column (120 X 1 cm) of Sephacryl 
S-1000 eluted with the same buffer. To the column was applied -1.5 mL of OSM 
(-0.6 mg/mL); the flow rate was 5 mL per h, and 1.6-mL fractions were collected. 
Mucm was detected by measuring the U.V. absorbance of the fractions at 228 nm. 

(c) Light-scattering analysis. These experiments were carried out by using 
methods described previously6-8. Briefly, solutions of OSM pools I-IV in water 
were made to 6~ Gdn- HCl (Pierce), 1Om~ phosphate buffer, pH 6.7. Mucin con- 
centrations were in the range of 50-200 pg per mL, based on residual weights ob- 
tained after the solutions were dialyzed against water and then lyophilized. The 
soluttons were filtered through 5-pm Millipore filters, diluted with filtered buffer 
into light-scattering cells, and centrifuged for 1 h at 5000 r.p.m. immediately prior 
to light-scattering analysis. Less than 5% of the mucm was lost on filtration, as 
estimated by periodic acid-Schiff determination13 of the filtered and unfiltered 
solutions. 

Light-scattering measurements were performed by using laser light of 
wavelength A = 6328 8, and a BI 240 photogoniometer with BI 2020 autocor- 
relato14-8 (Brookhaven Instruments Corp., Ronkonkoma, NY). Values for M,, 
R , and the second osmotic virial coefficient, A,, were determined from Zlmm 
pl?$s of average intensities of scattered light at scattering angles, 8, of 20-70”. The 
refractive index increment at constant chemical potential for OSM in 6~ Gdn - HCl 
was found to be 0.13 mL per g, measured after exhaustive dialysis against solvent 
for one week. The intensity autocorrelation function of the scattered light was 
analyzed by using the method of cumulants in order to derive the first moment, r, 
and the second moment k. I’ was measured as a function of OSM concentration 
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Fig. 1 Pools I-IV rechromatographed on Sephacryl S-1000 to co&m that the pools contamed macro- 
molecules whose slzts correspond to the elufion characterishcs of the preparahve column. (Protem 
content determined by absorbance at 228 nm ) 

and scattering angle over the same range as already described. The concentration 
dependence of r was negligible over this concentration range, and hence, Q,, was 
determined by plotting r/q2 against q2 and extrapolating to q = 0, where q is the 
scattering vector [q = (4?mlh)sinf3/2]. 

RESULTS 

Fig. 1 shows the elution profiles of OSM Pools I-IV on Sephacryl S-1000 
using 5M Gdn - HCl as solvent. The elution positions, V,, of each pool confirm the 
absence of aggregation effects, demonstrating that these preparations contain 
macromolecules of various sixes corresponding to the elution characteristics of the 
preparative column. Table I summarizes the yield from the fractionation procedure, 
together with values of the distribution coefficient Kn [= (V, - V,)I(V, - V,,)] 
determined from the analytical column, using A and T4 phage DNA as markers for 
the void volume, V,, and adenosine 5’-monophosphate as a marker for the total 
volume, VT. Also shown are values of the ratio of the U.V. absorbance at 280 nm to 
that at 228 nm. 

Fig. 2. is the Zimm plot representing angular and concentration extrapolations 

TABLE I 

YIELDS FROM FRACI’IONATION, AND VALUES OF DISTRIBUTION COEFFICIENT 

Pool Wt (w) &o&s KD 

I 24 0.110 0 12 
II 56 0087 0.24 
III 37 0.074 0 41 
IV 12 0070 0 56 
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Fig. 2. Zimm plot of hght-scattermg mtenslfies of OSM Pool II m 6~ Gdn . HCl and 1Om~ phosphate 
buffer, pH 7.0 (llus plot fmnuhes M, = 3 6 X 106 Rg,r = 1530 A, and A, = 3.0 X lo-’ c&.mol.g* ) 

of the scattered intensity of OSM Pool II in 6~ Gdn - HCl and 1Om~ phosphate 
buffer, pH 7.0. These plots, and similar extrapolations of the apparent z-average 
diffusion coefficient, provide values for R,_, (Rbl), and MT 

Table II summarizes data for M,, R8,=, (Rhl&, and ~.+/p. Also listed are values 
of the ratio p = Rg,z (Rhl), for each pool. It is noted that the M, values for each 
fraction, together with the pooled weights of each fraction listed in Table I, lead to 
a calculated value M, = 3.2 x 106 for the entire sample. A further experiment was 
carried out by adding 1Om~ 2-mercaptoethanol to pool II. This resulted in a de- 
crease of the molecular weight from h4, = 3.6 x 106 to iU, = 1.7 X 106, and of the 
radius of gyration from R,, = 1530 8, to R,, = 1000 A. 

DISCUSSION 

In Figs. 3 and 4 are respectively plotted log& and log& vers’sI(s 10gM,,~ 

TABLE II 

STATIC AND DYNAMIC LIGHT-SCATTERING PAFUMElE RS OF OSM IN 6k1 Gdn.HCI, 1Om~ PO,, AT pH 6 7 

Pool lu,x10-6 %,(A) WWL t-4 P ccz/T* 

I 5.2 +O 6 1530 f150 1160 +60 1.3 0 3-0.4 
II 3 6 f0.3 1530 f150 83Of46 18 0.2-0.3 
III 2.2 *o 2 1080 fll0 595 f30 18 0.3-0.4 
IV 0.78 +O 1 924l+90 450 f25 20 0 5-0.6 
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Fig 3 Natural loganthm of the z-average radms of gyration of mucm glycoprotems m aqueous solvents 
plotted versus the natural logarithm of the werght-average molecular wetght of the protem backbone 
[Key: (x), OSM Pools I-IV m 6~ &in.HCl-1OmM phosphate, pH 7.0, (-) least-squares fit to col- 
lected data (0) for various mucm species, as described m ref 8, (W) data for non-glycosylated protein 
random cods (see ref 8) ] 

for OSM fractions I-IV. As in earlier work8, MP,W = IU, x (% protein), where, for 
OSM (ref. 14), % of protein = 37%. Also shown are the experimental relationships 

for log& - logMr,,W, and log& - logM,,, for mu&s, summarized as Eqs. I and 
2. Clearly, when scaled against the estimated molecular weight of the protein core, 
the experimental data for OSM are reasonably consistent with the relationship pre- 
viously derived. This suggests that the OSM glycoprotems are also linear coils 
whose core protein conformation is highly expanded compared to that of non- 
glycosylated polypeptide random coils, a conclusion that is similar to that deduced 
for other mucin species having longer carbohydrate chains. This deduction is 
supported quite well by experimental values of p = R,, (Rhl& = l.&2.0 for OSM 
fractions II-IV. Such values are representative of polydisperse flexible coils in poor 
solvents at the non-draining limit. The comparatively low value p = 1.3 determined 
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Fig 4 Natural logarithm of the z-average translatlonai Anon coefficient of mucm glycoprotems m 
aqueous solvents, extrapolated to zero angle and zero concentration, and corrected to the vlscoslty of 
water at W, plotted versus the natural logarithm of the we@-average molecular we&t of the protein 
backbone [Key* (x), OSM Pools I-IV m 6~ Gdn HCI-1Om~ phosphate, pH 7 0; (-) least-squares 
fit to collected data (0) for various mucm species, as described m ref 8, (m) data for non-glycosylated 
protein random tolls (see ref 8) ] 

for pool I may reflect the presence of intramolecular cross-links or some other 
anomaly in the structure, composition, and/or molecular weight distribution of this 
pool. In this regard, it is noted that this pool appeared bimodal on rechromatog- 
raphy (see Fig. 1) and also showed a significantly higher ratio AdAzB than did 
pools II-IV, which may indicate contamination by non-mucin species. 

It was of interest to investigate whether our light-scattering experiments are 
consistent with the exclusion chromatography behavior of the OSM fractions on 
Sephacryl S-1000. We have tested this in two ways in Fig. 5. First, we compare 
values for the hydrodynamic radius with those of the distribution coefficient K,, 
according to the phenomenological equation of AckerG, as modified by Ohno ef 
a1.16, 

R, = R,, + AR erfc-1(2Ko), (3) 
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Fig. 5 The dtstnbutlon coeffment values, K,, for elution of OSM Pools I-IV on Sephacryl S-1000, 
compared with the hydrodynamic radu in 6~ Gdn-HCl-lomhn phosphate, pH 7.0 [Data plotted: (a) 
(0) as erfc-1 (ZK,) versus R,, together with a least-squares fit to Eq. 3, and (b) (#) as KbB versus R,, 
together wth least-squares fit to Eq 4 ] 

where R, is the mean pore size of the gel matrix, AZ? is the standard deviation of the 
pore size distribution, which is assumed to be normal in form, and erfc-l refers to 
the inverse error function complement. As may be seen, the results are consistent 
with Eq. 3, yielding numerically reasonable values R0 = 500 A and AR = 500 A. 
An alternative and, perhaps, physically more realistic, model has been proposed 
by Porath17 in which the exclusion characteristics of a solute molecule are deter- 
mined based on its ability to penetrate a conical pore. The equation derived is of 
the form. 

KD” = A - BR,, (4) 

and is tested against K,, and R, data for the OSM fractions in Fig. 5. Again, good 
correlation is found with values A = 1 and B = 2200 A-*. From the theory of 
Porath17, a reasonable value of the base diameter of the pores, D = 4400 A, was 
deduced. 

Using the molecular-weight calibration of the S-1000 column shown in Fig. 5, 
which corresponds to a combination of Eqs. 2 and 4, and setting l/(R;l), c R,, it is 
possible to calculate the mass distribution of molecular weights M&W), of fractions 
I-IV from the mass distribution of K,, values p(K,), because 

PVGJAK, = M,,PW,)~~M, = MPWAM, (5) 
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Rg 6 The mass distribution of molecular weights for OSM fractions I-IV, calculated from the 
Sephacryl S-loo0 separation profiles m Fig. 1, using the molecular weight calibratton for Ko versus M ,v 
shown m Fig. 5 [The arrows in&cate location of calculated values of M,, and M, for each pool: Pool IQ, 
M, = 680,000, M, = 7!90,000; Pool III, IU. = 144 x 106, M,, 166 X 106, Pool II, I%& = 2 8 X 106, M, 
=3.5x106,PoolI,M,=30x106,MW=4.1x106.] 

where p(M,) and p(M) are the number distributions of core protein molecular 
weight and mucin molecular weight, respectively. Hence, 

= PvGJ(1 - aBcbMb) 3abBcbMb-I, (7) 

where KD = (1 - BRJ3 and R, = aMbp with Mp = CM are used. Fig. 6 shows the 
results of such computations using a = 0.268, b = 0.58, c = 0.37, and B = 2200 
A-l. Calculated values of M, and M,, for each OSM pool are also shown. Interest- 
ingly, this analysis, which neglects effects of column spreading, generates values of 
MJM,, 4.36, indicating that the fractions are of comparatively narrow molecular- 
weight distribution. 

Because the correlation between KD and R, is universal for all polymers on a 
given gel, Fig. 5 can be used to obtain R,, for any polymer, once K,, is determined. 
The OSM fractions are, however, polydisperse, and the hydrodynamic radius 
measured by dynamic light-scattering is weighted to the largest species (although 
not as strongly as Rg,J, so that the R,, for a monodisperse sample having the same 

KD would be shghtly smaller 18. It may also be noted that, as l/(R;;‘), a Mi,z for all 
mucins, regardless of the size of the carbohydrate side-chain, it follows that it 
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should be possible to obtain an estimate of M, for any mucin from the measured 
Kn on Sephacryl S-1000 when the protein-to-carbohydrate ratio is known. 

Finally, it is noted that the molecular weights listed in Table II for these OSM 
fractions (M, = 780,000-5.2 x 106) are smaller than those observed for PSM frac- 
tions of similar preparative history, which were also obtained by elution from 
Sephacryl S-1000 (M, = 4 x W-12 x 106). This comparison has been made for 
only one preparation of OSM, however, and thus may not reflect a real difference. 
Also, the molecular weight of the subumts derived by cleaving disulfide bonds in 
the OSM pool II (M, = 1.7 x 106) is similar to that determined for the corre- 
sponding subunits obtained by stmtlar treatment of PSM fraction&* (M, = 1.8 X 

106). Thus, the possibility exists that the average number of covalently linked sub- 
units in the fresh OSM preparations may be smaller than that of those present in 
comparable OSM samples. This could indicate either a lower degree of polymeriza- 
tion in the btosynthesized material, or a greater ease of enzymic or hydrolytic 
degradation, m OSM. 

In summary, light-scattering measurements of M,.,,, R8,Z, and (Rc~)~ are pre- 
sented for four ovine submaxillary mucin glycoprotein fractions prepared by 
Sephacryl S-1000 exclusion chromatography. The values of (R;l& measured for 
each fraction are consistent with their elution characteristics based on chromatog- 
raphy theory. The experimental data suggest that, like PSM, the OSM glycoprotein 
is a linear, ohgomeric species formed by covalently linking linear subunits vza end- 
to-end disulfide bonds. Like PSM, the rigidity of the protein core of OSM is sub- 
stantially larger than that observed for non-glycosylated polypeptide random coils. 
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