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ABSTRACT: A high-density mucin glycoprotein was isolated from human tracheobronchial secretions sub- 
stantially free of contaminating protein, low-density glycoprotein, proteolytic enzymes, and lipid. A closely 
associated 65-kDa protein was discovered while investigating the effect of 2-mercaptoethanol treatment 
on the purified mucin glycoprotein. It has been established that the 65-kDa protein is neither a,-anti- 
chymotrypsin nor human serum albumin, two proteins of similar molecular weight which are found in crude 
tracheobronchial secretions. This protein lacks cross-reactivity with antibodies directed against serum 
components and is presumably comparable to the 65-kDa protein similarly isolated from canine tracheal 
pouch secretions [Ringler et al. (1987) Biochemistry 26, 5322-53281, Although both the presence of 
sulfhydryl groups and the ability to be reassociated with the mucin molecule have been established, it is 
not clear whether its association is due to direct disulfide bonding, hydrophobicity, or entrapment. It was 
found that 14C-methylated methemoglobin was an inappropriate substrate for measurement of proteolytic 
activity in mucin preparations due to inherent entrapment and clearance capabilities of mucin molecules. 

S e c r e t o r y  products of the upper airway epithelial cells 
provide the components necessary for control of the physical 
properties of the respiratory mucus. Since this material must 
be translocated in an upward direction for clearance, and 
simultaneously provide a coating on cellular surfaces, its 
rheological properties must be tightly regulated. These are 
largely defined by a mucin-type glycoprotein with a covalent 
molecular weight in the range of lo6. The ability of this 
macromolecule to aggregate is an important feature of the 
overall system as is its capacity to bind lipid and cations. 
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Detailed studies of the chemical structure of the glycoprotein 
have been performed in several laboratories, and a composite 
analytical profile has been defined (Roberts, 1976; Creeth et 
al., 1977; Sachdev et al., 1980; Rose et al., 1984; Slayter et 
al., 1984; Woodward et al., 1982, 1987). A recent study of 
material isolated from canine tracheal mucus indicated that 
a nonglycosylated protein of M, 65K was closely associated 
with the mucin glycoprotein (Ringler et al., 1987). The present 
report details the properties of a comparable protein from 
human secretions and the role of disulfide bonds in the asso- 
ciative behavior of the two macromolecules. 

MATERIALS AND METHODS 
Isolation of Delipidated Tracheobronchial Mucin. Tra- 

cheobroncial aspirates were collected from patients hospitalized 
for nonpulmonary illness, and the major mucin glycoprotein 
was isolated as before with minor modifications (Woodward 
et al., 1982). Briefly, upper respiratory tract aspirates were 
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immediately made 0.02% with sodium azide and 0.1 mM with 
a-toluenesulfonyl fluoride and stored at -20 OC till workup. 
The accumulated material was dialyzed and lyophilized prior 
to chromatography on Sepharose CL-4B. The void volume 
material was further fractionated by density gradient cen- 
trifugation, and the high-density fraction (1.45-1.60 g/mL) 
was extracted with three sequential 10-h chloroform-methanol 
treatments [twice with 2:l and once with 1:2 (v/v) chloro- 
form-methanol] . The resulting mucin glycoprotein was pel- 
leted by centrifugation at 12OOOg for 20 min and the remaining 
solvent removed under nitrogen. Mucin preparations were 
stored lyophilized at -20 OC. 

Methyl-I4C-methylated Methemoglobin Protease Assay. 
Initially, mucin samples were assayed for proteolytic activity 
by the procedure of Williams and Lin (1971) using [14C]- 
methemoglobin (New England Nuclear, Boston, MA; 30 
pCi/mg) as substrate. Apparent positive results were further 
checked as follows: Mucin samples (250 pg) were dissolved 
by vortexing in 240 pL of 50 mM tris(hydroxymethy1)- 
aminomethane hydrochloride (Tris-HCl),' pH 8.0, buffer 
containing 0.02% sodium azide and protease inhibitors (1 mM 
benzamidine hydrochloride, 1 mM a-toluenesulfonyl fluoride, 
2 mM N-ethylmaleimide, 5 mM EDTA, 100 mM 6-amino- 
hexanoic acid, 5 pg/mL leupeptin, 5 pg/mL pepstatin, and 
100 KIU/mL aprotinin). Blank and positive control consisted 
of 240 pL of the above buffer and 240 pL of a trypsin solution 
(2 mg/mL in 50 mM Tris-HC1, pH 8.0, containing 0.02% 
sodium azide), respectively. [14C]Methemoglobin (1 1 100 dpm 
in 10 pL) was added to all samples prior to overnight incu- 
bation at 37 "C. Bovine serum albumin (100 pL of 10 
mg/mL) and ice-cold 10% trichloroacetic acid (350 pL) were 
added at the end of the incubation period, and the samples 
were vortexed briefly. The samples were kept in an ice bath 
for 1 h to complete precipitation prior to centrifugation in a 
Beckman microfuge at 4 "C for 15 min. The supernatant (500 
pL) was assayed for radioactivity by liquid scintillation 
spectrometry. In additional experiments to check for the 
presence of protease, the mucin samples were either heated 
at 100 OC for 15 min prior to incubation, trichloroacetic acid 
precipitated immediately after the addition of [ 14C]met- 
hemoglobin (in effect, having no incubation period), or incu- 
bated with [14C]methemoglobin at 0-4 "C rather than 37 OC. 

Azocoll Protease Assay. Mucin (250 pg) was dissolved in 
750 pL of 50 mM Tris-HC1, pH 8.0, containing 0.02% sodium 
azide. Buffer alone and trypsin (400 pg) in 750 pL of the 
buffer were used as blank and positive control, respectively. 
After the addition of 10 mg of Azocoll (Calbiochem, San 
Diego, CA), the samples were incubated with end-over-end 
mixing at 37 OC overnight. The samples were then centrifuged 
in a Beckman microfuge at 4 OC for 15 min, and the presence 
of proteolytic activity was determined by measuring the ab- 
sorbance of the supernatant at 520 nm (Calbiochem-Behring, 
San Diego, CA; technical information). 

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electro- 
phoresis (SDS-PAGE). Mucin samples were electrophoresed 
on a Hoefer Model 220 vertical slab gel unit. The separating 
and stacking gels (1.5 mm thick) routinely contained 10% and 
5% (w/v) acrylamide, respectively. The gels were prepared 
according to the method of Haas and Kennett (1979), with 

I Abbreviations: Tris, tris(hydroxymethy1)aminomethane; SDS- 
PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; 
TFMS, trifluoromethanesulfonic acid; F,, high-density fraction obtained 
after CsBr density gradient centrifugation of human tracheobronchial 
mucus; dF3, delipidated F,; BF,, dF3 after treatment with 6-mercapto- 
ethanol and reisolation by CsBr density gradient centrifugation. 

two alterations. First, N,N'-methylenebis(acry1amide) (1 part 
for 37.5 parts of acrylamide) was used to cross-link the gel 
rather than N,N'-diallyltartardiamide because the latter is 
unsuitable for staining with periodic acid. Second, the sample 
buffer (0.063 M Tris-HC1, pH 6.8, containing 2.3% SDS and 
10% glycerol) did not routinely contain 2-mercaptoethanol 
unless specifically noted. Gels were stained with Coomassie 
blue, destained, and subsequently stained for glycoprotein by 
the periodic acid-Schiff procedure (Fairbanks et al., 197 1). 
Radiolabeled samples were visualized by fluorography (Bonner 
& Laskey, 1974). 

Preparative gel electrophoresis was carried out by the me- 
thod of Hager and Burgess (1 980) with the following modi- 
fications: a 5-mm slice was removed from one edge of the gel 
and either stained or exposed to X-ray film to determine the 
position of the sample on the remaining gel; bovine serum 
albumin was omitted from the elution and dilution buffers, 
and sodium dodecyl sulfate was removed from the eluted 
sample by chromatography on Extracti-gel D (Pierce, Rock- 
ford, IL) rather than by acetone precipitation. 

Cesium Bromide Density Gradient Centrifugation. Samples 
were dissolved overnight at 4 OC in 16.7 mM sodium phos- 
phate, pH 6.8, containing 4 M guanidinium chloride, 33 mM 
NaC1, 0.02% sodium azide, and 42% (w/w) cesium bromide 
at a concentration of 1-2 mg/mL. When specified, 20 mM 
2-mercaptoethanol was included in the solubilization buffer 
to effect disulfide bond reduction. Centrifugation was carried 
out for 72 h at 14 "C and 42000 rpm in a Beckman 60 Ti rotor 
(Creeth et al., 1977). The gradients were fractionated into 
approximately 1 -mL fractions and analyzed for protein, neutral 
sugar, and density. 

Column Chromatography. The initial crude mucus was 
fractionated by Sepharose CL-4B chromatography. Lyo- 
philized mucus (200 mg) was dissolved in 20 mL of 50 mM 
Tris-HC1, pH 8.0, containing 0.02% sodium azide and 0.1 mM 
a-toluenesulfonyl fluoride by stirring at 4 "C for approximately 
2 h. The solution was centrifuged at 12000g for 20 min, and 
the supernatant was applied to a 5 X 95 cm column. Fractions 
(20 mL) were collected, and 0.5-mL aliquots were analyzed 
for neutral sugar and protein. 

Analytical Sepharose CL-4B chromatography was per- 
formed on a 1.4 X 45 cm column. Routinely, 10 mg of sample 
was dissolved in 2.0 mL of 50 mM Tris-HC1, pH 8.0, con- 
taining 6 M urea, 0.02% sodium azide, and 0.1 mM a-tolu- 
enesulfonyl fluoride. Fractions (1 mL) were collected and 
analyzed for protein and neutral sugars. 

Analytical Sephacryl S-500 chromatography was performed 
on a 1.5 X 40.5 cm column equilibrated with 50 mM Tris-HC1, 
pH 8.0, containing 6 M urea, 0.02% sodium azide, and 0.1 
mM a-toluenesulfonyl fluoride (with or without 20 mM 2- 
mercaptoethanol, as indicated). Unless otherwise noted, 10-mg 
samples in 2.0 mL of the above buffer were chromatographed, 
and 1 .O-mL fractions were collected. 

Ouchterlony Immunodiffusion Precipitation. Ouchterlony 
immunodiffusion was performed according to the method of 
Williams and Chase (1971). The low-density proteins and 
high-density mucin fractions (F, and F,, respectively), obtained 
during the initial density gradient fractionation, and the 65- 
kDa protein isolated by preparative SDS-PAGE were dissolved 
in 0.15 M sodium phosphate, pH 7.2, at a concentration of 
1 .O mg/mL, placed in immunodiffusion wells, and allowed to 
diffuse against rabbit anti-human serum albumin (Miles- 
Scientific, Naperville, IL) and goat anti-human serum 
(Bionetics, Charleston, SC) for 48 h at 20 O C .  Human serum 
albumin (500 pg/mL) was run in parallel as a positive control. 
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alone, were run in parallel as control experiments. 
S-Alkylation. Briefly, fraction dF34Bi (500 pg) was dis- 

solved in 5 mL of 0.3 M Tris-HC1, pH 8.3, containing 6 M 
urea, by stirring at 20 OC for 1 h under nitrogen. The solution 
was made 0.1 M in iodoacetamide and incubated under ni- 
trogen at 37 OC for 4 h in the dark (Tabachnik et al., 1981). 
The excess iodoacetamide was removed from the resulting 
alkylated mucin by dialysis, and 1 pmol of dithiothreitol was 
added. The solution was flushed with nitrogen and incubated 
for 4 h in the dark at 37 OC; 0.05 mCi (2 pmol) of iodo- 
[I4C]acetamide (New England Nuclear, Boston, MA) was 
added, and incubation in the dark under nitrogen was con- 
tinued for 4 h. The resulting radiolabeled reduced sample was 
recovered by exhaustive dialysis and lyophilization. 

Deglycosylation of Mucin for  Antibody Production. 
High-density reduced, dilipidated mucin (fraction PF3, Figure 
4) was partially deglycosylated by the method of Edge et al. 
(1981) with modifications. The sample was first treated at 
37 "C with a mixture of Vibrio cholerae and Arthrobacter 
ureafaciens neuraminidase (Behring Diagnostics, San Diego, 
CA) to enzymatically cleave sialic acid residues. The asial- 
omucin was separated from the enzymes by chromatography 
on Sepharose CL-4B and treated with TFMS-anisole (2: 1) 
at 0 OC, twice, for a total exposure time of 9 h and the apo- 
protein recovered as described (Woodward et al., 1987). As 
previously reported (Woodward et al., 1987), changes in the 
amino acid composition were minimal, no amino termini were 
detected by the dansylation procedure, and the bulk of the 
carbohydrate was removed. 

Antibody Production. Polyclonal antibodies were raised in 
female New Zealand white rabbits (Hazleton Research An- 
imals, Reston, VA). Deglycosylated reduced human tra- 
cheobronchial mucin (1 mg) was dissolved in 250 pL of 0.9% 
NaC1, to which 500 pL of Freunds complete adjuvant was 
added. The suspension was injected subcutaneously at multiple 
sites. The rabbit was boosted after approximately 3 weeks and 
again at 5 weeks, with 500 pg of antigen dissolved in 100 pL 
of 0.9% NaCl, to which 200 pL of Freunds incomplete adju- 
vant was added. In some cases, Ribi's adjuvant was used 
instead of Freunds. Serum was monitored biweekly. Antibody 
was detected by radioimmunoassay at the seventh week, and 
antisera collection, by ear venapuncture, was done at ap- 
proximately 2-week intervals. Additional 250-pg booster in- 
jections were continued as needed. Similarly, rabbit 65-kDa 
protein antisera were obtained. In this case, immunization 
was accomplished by using an initial inoculum of 500 pg, 
followed by 250-pg inoculations at 3 weeks and again at I 
weeks. 

Additional Methods. Neutral sugar was measured by the 
phenol-sulfuric acid method (Dubois et al., 1956). Protein 
was followed by absorbance at 280 nm, and density was de- 
termined by weight. 

RESULTS AND DISCUSSION 
The treatments employed to isolate the mucin glycoprotein 

from tracheobronchial secretions, sequential gel filtration on 
Sepharose CL-4B, density gradient centrifugation in 42% 
(w/w) cesium bromide-4 M guanidinium chloride, and ex- 
traction in chloroform-methanol (Figure l ) ,  substantially 
separate the resulting high-density, high molecular weight 
fraction (mucin) from noncovalently bound materials 
(Woodward et al., 1982, 1987). Proteolytic enzymes, which 
may be present in crude mucus secretions, are not completely 
separated from the mucin by exclusion chromatography 
(presumably some have become entrapped within the mucin 
molecule) but are dissociated during density gradient cen- 

Similarly, unfractionated mucus, Sepharose CL-4B void and 
included fractions, and the 65-kDa protein were allowed to 
diffuse against sheep anti-human a,-antichymotrypsin (Ber- 
man et al., 1986) (generously given to us by Dr. R. A. 
Stockley, The General Hospital, The University of Birming- 
ham, Birmingham, United Kingdom). Normal human plasma 
was run as a positive control. 

Western Blotting. Blotting was performed according to the 
procedure of Towbin et al. (1979). The 65-kDa protein (100 
pg) was dissolved in 100 pL of electrophoresis sample buffer 
containing 5% (v/v) 2-mercaptoethanol, heated at 100 OC for 
10 min, and subjected to SDS-PAGE before transfer to ni- 
trocellulose and treatment with sheep anti-human al-anti- 
chymotrypsin followed by rabbit anti-sheep IgG-conjugated 
horseradish peroxidase (Accurate Chemical & Scientific Corp., 
Westbury, NY). 

Radioimmunoassay. Cross-reactivity of the 65-kDa protein 
with a,-antichymotrypsin antibody was checked by radioim- 
munoassay. The production of rabbit anti-65-kDa protein and 
rabbit anti-deglycosylated reduced human tracheobronchial 
mucin was also monitored by radioimmunoassay. The 
cross-reactivity of the rabbit antisera with various samples was 
determined by competitive radioimmunoassay. 

Amino Acid .4nalysis. Analyses were performed on a 
Dionex MBF/SS amino acid analyzer after hydrolysis in vacuo 
in 6 N hydrochloric acid for 24 h at 110 'C. Glucosamine 
and galactosamine were determined after hydrolysis in vacuo 
in 4 N hydrochloric acid for 8 h at 100 OC. Cysteine was 
determined as cysteic acid after hydrolysis in 6 N hydrochloric 
acid containing 0.25 M dimethyl sulfoxide (Spencer & Wold, 
1969). 

Radioiodination. Bovine serum albumin (25 pg), 65-kDa 
protein (10 pg), and deglycosylated reduced human tracheo- 
bronchial mucin (50 pg) were separately Iz5I labeled by 
Chloramine-T-catalyzed iodination (Greenwood et al., 1963). 

Disulfide Bond Reduction. Routinely, samples were treated 
by stirring overnight in buffer containing 20 mM 2- 
mercaptoethanol at 4 "C prior to fractionation (in the same 
buffer) by density gradient centrifugation or column chro- 
matography. 

Subunit Reassociation. Reduced mucin subunits were ob- 
tained by incubating 10 mg of glycoprotein (fraction dF34BI, 
Figure 8) in 2 mL of 50 mM Tris-HC1, pH 8.0, containing 
6 M urea, 0.02% sodium azide, 0.1 mM a-toluenesulfonyl 
fluoride, and 20 mM 2-mercaptoethanol overnight at 4 OC 
before chromatography on Sephacryl S500. The fractions 
containing the reduced mucin and the reduced 65-kDa protein 
were pooled separately and stored frozen (without dialysis or 
lyophilization) until needed for recombination experiments. 

To obtain radiolabeled material, the 65-kDa protein was 
isolated from fraction PF, (Figure 4) by preparative SDS- 
PAGE and subsequently iodinated. To effect reassociation, 
i251-labeled protein (50000 cpm) was mixed with approxi- 
mately 2 mg of reduced mucin and 200 pg of reduced 65-kDa 
protein in a total volume of about 6 mL (a stoichiometry 
analogous to that present prior to disulfide bond reduction). 
The sample was concentrated to 2 mL and dialyzed against 
50 mM Tris-HC1, pH 8.0, containing 6 M urea, 0.02% (w/v) 
sodium azide, and 0.1 mM a-toluenesulfonyl fluoride using 
an Amicon ultrafiltration device. Oxygen was bubbled through 
the concentrated mixture for 1 h prior to rechromatography 
on Sephacryl S500. Fractions (1.0 mL) were collected and 
analyzed for protein, neutral sugar, and radioactivity when 
appropriate. Reduced mucin subunits containing 50 000 cpm 
of iodinated bovine serum albumin, or reduced mucin subunits 
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FIGURE I: Schematic representing the purification of human tra- 
cheabronchial mucin. 

trifugation (see below). Accordingly, precautions are taken 
throughout the fractionation p r d u r e  to minimize proteolysis. 

MethyIJ4C-methylated methemoglobin has been routinely 
used by this laboratory as a substrate for assaying contami- 
nating protease activities in glycosidase preparations. In the 
case of a solution with no protease contamination, all radic- 
activity should be trichloroacetic acid precipitable. However, 
in every test we performed with mucin samples, including the 
controls (heat treatment prior to incubation, a decrease in 
temperature during incubation, or a decrease in the time of 
incubation), nonprecipitable radioactivity was present. Fur- 
ther, no consistent correlation between time or temperature 
of incubation with nonprecipitable radioactivity could be seen. 
It was thus concluded that due to the inherent entrapment and 
clearance capabilities of the mucin molecule, hemoglobin-like 
molecules were inappropriate substrates for the assessment of 
proteolytic activity in mucin preparations. 

After assay conditions were established in control experi- 
ments, crude mucus, Sepharose CL-4B void and included 
fractions, and density gradient fractions F,, F2. and F, (Figure 
1) were assayed for proteolytic activity using Azocoll as 
substrate. The results indicate that the bulk of the proteolytic 
enzymes (76.5% of that in the initial crude mucus) are not 
tightly associated and are separable during exclusion chrc- 
matography. The remainder are separable from the mucin 
molecule only after dissociative density gradient centrifugation. 
F,, the high-density mucin glycoprotein fraction, contains no 
measurable amount of protease, but fractions F, and F, had 
12.1% and 11.4%. respectively, of the initial protease activities. 

As ascertained by SDS-PAGE, the cesium bromide- 
guanidinium chloride density gradient fractionation cleanly 
separated the high-density mucin glycoprotein from contam- 
inants. Analysis of fraction F, showed an apparently homo- 
geneous high molecular weight glycoprotein (Figure 2, lane 
2) while fractions F, and F, contained several proteins and 
glycoproteins (Figure 2, lane 1). Reapplication of fractions 
F, and delipidated F3 to the density gradient also yielded 
profiles indicative of a homogeneous high-density component 
(Figure 3). 

- W K  
-. . --ea 

p --43 

Ir --3o - ' -21 

_ .  - -14 

FIGURE 2 SDS-PAGE of cesium bromide-guanidinium chloride 
density gradient centrifugation fractions. The gel was stained with 
Coomassie blue (left panel). and the same section was then stained 
with periodic acid-Schiffreagent (right panel). Lane I ,  500 gg of 
the combined low-density fractions (F,  and FJ; lane 2, 500 gg of the 
high-density fractions (FJ; lane 3, molecular weight standards, 20 
gg of each. 

FRACTION NUMBER 
FIGURE 3: Analytical density gradient centrifugation of fraction F, 
(panel A) and delipidated F, (panel B). Approximately IO mg of 
each sample was dissolved by stirring overnight at 4 OC in 35 mL 
of buffer, as described in the text, prior to centrifugation. After 12 
h at 42000 rpm and 14 OC, the gradients were fractionated and 
analyzed for protein (O), neutral sugar (O), and density (A). 

Ouchterlony immunodiffusion with fraction F, showed 
precipitin bands for both anti-human serum and anti-human 
serum albumin; results for both antibodies with fraction F, 
were negative. 

Disulfide bonds in the delipidated high-density mucin 
(fraction dFJ were reduced by treatment with 20 mM 2- 
mercaptoethanol for 18 h, and the products were fractionated 
by density gradient centrifugation in the presence of 2- 
mercaptoethanol. In addition to a highdensity mucin fraction, 
j3F, ( p  1.45-1.60), which was 8 0 4 5 %  by weight of the original 
material, two other distinct fractions were evident, BF, (p 
1.4C-1.45) andBF, (p 1.30-1.40). @F, was approximately 10% 
by weight, and OFl was approximately 5% by weight of the 
original mucin. 

SDS-PAGE performed under reducing conditions (Figure 
4) indicated that while fraction OF2 (lane 2) contained a 
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21 - -*I 
FIGURE 4 SDS-PAGE under reducing conditions, Samples were 
reduced prior lo gel electrophoresis by heating at 100 OC for 15 min 
in electrophoresis buffer containing 5% (v/v) 2-mercaptoethanol. Gels 
were stained with Ccomassie blue (left panel) to visualize protein prior 
to visualization of glycoprotein by the periodic acid-Schiff method 
(right panel). Lane I .  500 pg of fraction BF,; lane 2.500 pg of fraction 
OF,; lane 3.500 pg of fraction OF,; lane 4, molecular weight standards, 
20 pg of each. 

mixture of several proteins and fraction BFl (lane I )  contained 
predominantly a single protein having a molecular weight of 
65000, fraction BF, (lane 3) contained mostly high molecular 
weight mucin, with trace amounts of lower molecular weight 
materials. The predominant 65-kDa protein was often paired 
with a protein having a molecular weight of approximately 
60000. Although the proteins as a pair were readily isolated 
by preparative SDS-PAGE, their proximity to one another 
made attempts to completely separate them unsuccessful. In 
the subsequent studies, although an attempt was made to focus 
on and isolate the predominant 65-kDa protein, the 60-kDa 
protein remained a trace contaminant. 

Amino acid analyses of the fractionation products (Table 
I) demonstrate that the 65-kDa protein may be distinguished 
from the mucin fraction (BF,) and from human serum albumin 
(having a similar molecular weight) by its amino acid com- 
position. The absence of hexosamines indicates that this 
protein is not glycoaylated, a result in agreement with analysis 
of the comparable protein from canine tracheal mucin (Ringler 
et ai., 1987). 

Ouchterlony immunodiffusion indicated that neither goat 
anti-human serum, rabbit anti-human serum albumin, nor 
sheep anti-human a,-antichymotrypsin antibodies had cross- 
reactivity with the 65-kDa protein. Rabbit anti-human al- 
antichymotrypin was found to cross-react with unfractionated 
tracheobronchial mucus [in agreement with the results of 
Stockley and *workers (Berman et al.. 1986)] and Sepharose 
CL-4B included fractions, but not with Sepharose CL-49 void 
volume fractions. Radioimmunoassay and Western blotting 
also confirmed that the 65-kDa protein did not cross-react with 
sheep anti-human ai-antichymotrypsin (data not shown). 

The original mucin fraction (delipidated F,) was reexamined 
by SDS-PAGE. The sample was heated for 15 min in buffer 
containing 2-mercaptoethanol to effect complete disulfide bond 
reduction prior to electrophoresis. The results confirmed the 
presence of the proteins apparent in Figure 5 which had 
previously been undetected when the mucin was electro- 
phoresed in its native configuration (data not shown). Evi- 
dence suggested that the native delipidated mucin molecule 
contained one or more proteins which were not readily dis- 
sociated by chaotropic agents, but were separable by disulfide 
bond disruption. 

The OF, fraction still containing the 65-kDa protein (Figure 

R I N G L E R  E T  A L .  

- 
Table I: Amino Acid Analysis of Human Tn 
Preparations and Albumin. 

amino acid F,b OF; OF2 OF, 
- 
- 

CyS0,H 50 41 70 42 32 63 
ASP 62 40 94 79 113 97 
Thr 205 248 I l l  61 52 53 
Ser 142 173 108 146 121 40 

icheabronchial 

65 kDa" HSA' 
.. ~~ 

~ 

GI" 74 55 102 I R I  I I  

Ile 19 12 22 21 64 I5 
Leu 56 39 56 38 22 109 
Tyr 19 6 31 17 7 32 
Phe 26 13 34 21 24 53 
His 30 34 27 54 16 28 
LYS 33 30 44 52 57 I04 
A% 27 23 44 18 31 41 
GlcNH, 10.7 11.5 5.5 2.5 <O.l 0 
GalNH, 4.1 4.4 3.0 1.0 <0.1 0 

#Amino acids are expressed as residues per 1000 residues. and hcr- 
osaminer are expressed as weight percent. Fraction F, is high-density 
lung mucin glycoprotein. 'OF,, BF,. and OF, are the high, middle, and 
low buoyant density products. respectively. obtained after delipidated 
mucin war treated with 2-mercaptmthanol and refractionated by den- 
sity gradient centrifugation. *65 kDa is the 65000-dallon protein is+ 
lated by preparative SDS-PAGE from a OF, preparation. This prep 
aration may have had a trace of the 60000-dalton protein still present. 
'The composition of human serum albumin is included for comparison. 

1 2 3 4  

1 2 3 4  

9 4 K  

MI 

43 

n 

14 - 
FIGURE 5: SDS-PAGE of the fractions obtained from the second 
reducing gradient. Lane 1, 500 pg of fraction OFlb; lane 2. 500 pg 
of fraction OF,,; lane 3, 500 pg of fraction BF,,; lane 4. molecular 
weight standards. 20 pg of each. The samples were dissolved in 
electrophoreris sample buffer containing 5% (v/v) 2-mercaptoethanol 
and heated at 100 "C for I5 min prior to electrophoresis. The gel 
was stained with Coomassie blue (left panel). and the same section 
was then stained with periodic acid-Schiff reagent (right panel). 

4, lane 3) was retreated with 2-mercaptoethanol, and the 
reduction products were separated by density gradient cen- 
trifugation to yield three fractions. Fraction BF,, was a p  
proximately 92%. fraction BFZb approximately 7%. and fraction 
BFlb approximately I% by weight of the original sample. 
Examination by SDS-PAGE (Figure 5) of the fractionation 
products indicated that the BFlb fraction (lane I )  contained 
mostly the 65000 and 60000 molecular weight proteins, and 
the BFzb fraction (lane 2) contained these proteins plus higher 
molecular weight glycoprotein material. These results were 
consistent with the previous SDS-PAGE analysis of fraction 
BF,. the original reduced mucin sample (Figure 4, lane 3). 
BFJb. the major mucin-containing fraction after the second 
reduction, contained only a high molecular weight glycoprotein 
s p i e s  (Figure 5. lane 3). Repeated disulfide bond reduction 
and fractionation by density gradient centrifugation enabled 
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FIGURE 6: Sepharose CL-4B column (1.4 X 45 cm) chromatography 
of density gradient fraction F3, native high-density lung mucin (panel 
A), and fraction F3 after prolonged treatment with chloroform- 
methanol (panel B). The column was eluted with 50 mM Tris-HC1, 
pH 8.0, containing 6 M urea. 1-mL fractions were collected and 
analyzed for protein (0) and neutral sugar (0). Fractions dF34Bl 
and dF34B2 were pooled as indicated in panel B. 

complete dissociation of the mucin 65-kDa protein complex. 
To assess the involvement of hydrophobicity in the mucin- 

protein relationship, a sample of native high-density mucin 
(Figure 1, fraction F,) was treated for 120 h in chloroform- 
methanol [twice for 48 h in (2:l) and once for 24 h in (1:2) 
chloroform-methanol] . The insoluble material was isolated 
by centrifugation, dissolved in 50 mM Tris-HC1, pH 8.0, 
containing 6 M urea, 0.02% sodium azide, and 0.1 mM a- 
toluenesulfonyl fluoride, and chromatographed on Sepharose 
CL-4B (Figure 6). A distinct protein-rich included fraction 
which was not present prior to the lengthy chloroform- 
methanol treatment became resolvable. Fraction dF34Bz ac- 
counted for 27% by weight of the original sample. Both 
fraction dF34Bz and the void volume fraction, dF34B1, were 
analyzed by gel electrophoresis. SDS-PAGE indicated that 
while fraction dF34B2 was enriched in the 65-kDa protein (in 
addition to smaller molecular weight proteins), the protein had 
not been entirely separated from the mucin. This is in 
agreement with our observation that gel exclusion chroma- 
tography in the presence of SDS did not resolve the 65-kDa 
component of the canine material. 

It was thus concluded that the hydrophobic pockets in the 
mucin molecule help maintain the integrity of the protein- 
mucin association, and possibly shield proteins from the effect 
of routine chaotropic agents such as urea and guanidinium 
chloride. The minute amount of protein remaining associated 
with the mucin molecule after the chloroform-methanol 
treatment (a) had been initially dissociated during treatment, 
and association reoccurred when the sample was returned to 
an aqueous environment prior to gel filtration, or (b) due to 
the involvement of disulfide bonds, was inherently more tightly 
associated with the mucin than the readily separable protein(s). 

To study the association of the tightly bound protein to the 
mucin macrostructure, and the role of disulfide bonds, we 
needed a system which could differentiate the intact mucin 
molecule (fraction dF34Bl) from its reduced state @F3) and 
the 65-kDa protein. After examinination of several gel ma- 
trices, including Sephacryl SlOOO and Sepharose CL-4B 
(neither of these yielded clear separation of fractions PF, and 
dF34Bl), Sephacryl S500 was chosen as the appropriate col- 
umn material. 

0.121 40 12 

TUBE NUMBER 
FIGURE 7: Sephacryl S500 column (1.5 X 40.5 cm) chromatography 
of mucin fractions dF34Bl and reduced dF34BI. 1.0-mL fractions were 
collected and analyzed for neutral sugar [dF34B1 (0); reduced dF34BI 
(O)] and protein [reduced dF34BI (O) ] .  The reduced mucin fractions 
(20-45) and 65-kDa protein fractions (52-65) were pooled separately 
and recovered. 

TUBE NUMBER 

FIGURE 8: Sephacryl S500 column (1.5 X 40.5 cm) chromatography 
of mucin subunit reassociation experiments. (Panels A and B) 50000 
cpm of 12SI-labeled 65-kDa protein was added to approximately 2 mg 
of reduced mucin (estimated weight, Figure 7 fractions 20-45) and 
200 wg of reduced 65-kDa protein (estimated weight, Figure 7 fractions 
52-65). Oxidation was allowed to occur, and the sample was re- 
chromatographed in a nonreducing buffer. 1 .O-mL fractions were 
collected and analyzed for protein [panel B (e)], neutral sugar [panel 
B (O)], and radioactivity [panel A (O)]. (Panel C) 50000 cpm of 
lZSI-labeled bovine serum albumin was added to 2 mg of reduced 
mucin. Oxidation was allowed to occur, and the sample was treated 
as in panel A [radioactivity (O)]. (Panel D) 2 mg of reduced mucin 
was allowed to oxidize prior to chromatography. Conditions as in 
panel A [neutral sugar (0); protein (@)I. 

To obtain reduced mucin subunits, fraction dF34B, was 
treated overnight at 4 OC with 20 mM 2-meraptoethanol prior 
to chromatography on Sephacryl S500 in buffer containing 
2-mercaptoethanol (Figure 7).  Reassociation was attempted 
by recombining the reduced mucin fractions with the reduced 
protein fractions and simultaneously concentrating and dia- 
lyzing the mixture against a nonreducing buffer. 1251-Labeled 
65-kDa protein was added to the mixture during dialysis and 
concentration. The sample was then rechromatographed on 
Sephacryl S500 (Figure 8, panels A and B). Control samples 
containing either reduced mucin and lZ51-labeled bovine serum 
albumin or only reduced mucin were run in parallel (Figure 
8, panels C and D, respectively). The formation of a carbo- 
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m o m  9 SDS-PAGE of sample dF344B, (unreduced 65-kDa protein). 
Lane I,  250 rg of dF,4B, dissolved in electrophoresis buffer and 
applied directly. Lane 2, 250 rg of dF,4B2 dissolved in electrophoresis 
buffer and heated at 100 OC for I O  min prior to application. Lane 
3. molecular weight standards, 20 rg of each. The gel was stained 
with Ccamassie blue (left panel), and the same section was then stained 
with periodic acid-Schiff reagent (right panel). 

hydrate-rich peak a t  the void volume of the Sephacryl S500 
column profile in Figure 8 (panel B) indicates that reduced 
mucin subunits are capable of undergoing reassociation under 
oxidizing conditions; furthermore, radiolabeled 65-kDa protein 
can be incorporated into the mucin macrostructure during the 
reassociation procedure (panel A). It appears (panel D) that 
the 65-kDa protein is not necessary for reassociation to occur; 
however, because of the inherent problems of entirely removing 
the initial reduced mucin molecule from the 65-kDa protein. 
the stoichiometry of the reassociation is unclear. 

The inclusion of the 12s1-labeled 65-kDa protein during 
re-formation of the mucin suggests that the protein must either 
become entrapped within the mucin macromolecular structure 
during reassociation (as does bovine serum albumin; Figure 
8. panel C) or become a part of that structure through direct 
formation of disulfide bonds. 

To assess the ability of the 65-kDa protein to undergo di- 
sulfide bond formation, fraction dF,4Bl was alkylated by 
treatment with iodoacetamide. reduced with dithiothreitol, and 
radiolabeled by alkylation with iodo[14C]acetamide. In this 
manner, the readily accessible -SH groups were alkylated 
initially, then internal disulfide bonds were disrupted, and the 
newly formed -SH groups became available for radiolabeling 
during the second alkylation. SDS-PAGE of the I4C-labeled 
mucin sample indicated the presence of S-['4C][(carboxy- 
methyl)amido]cysteine groups on the 65-kDa protein, as well 
as additional material which was not detectable previously by 
Coomassie blue staining. Although the incorporation of label 
into the 65-kDa protein was indicative of the presence of 
sulfhydryl groups, it did not distinguish disulfide bonds between 
the protein-mucin complex from disulfide bonds internal to 
the 65-kDa protein. 

To explore these possibilities. fraction dF,4B2 (Le., the 
unreduced 65-kDa protein preparation isolated after chloro- 
form-methanol treatment and chromatography on Sepharose 
CL-4B) was electrophoresed under nonreducing conditions. 
dF34B, (500 rg) was dissolved by vortexing in SDS-PAGE 
sample buffer (0.063 M Tris-HCI, pH 6.8, containing 2.3% 
SDS and 10% glycerol). Half of the sample was heated for 
IO min at 100 "C before application (Figure 9. lane 2) while 
the remainder was directly applied to the gel (Figure 9, lane 
I) .  Neither sample had been exposed to reducing conditions 
at any time. The heat-treated sample showed the same profile 
on SDS-PAGE as the protein preparation isolated and elec- 

Table 11: Antisera Cross-ReactivitP 
mmaeti- 

antisera protein/glycoprotein tion 
65-kDa protein reduced human tracheobronchial mucin 

deglycosylated human tracheal mucin 
canine tracheal mucin 
deglycmylated canine tracheal mucin 
elvcoohorin 

degl ycosylated 
reduced 
mucin 

-, . 
a,-acid glycoprotein 
ferritin 
human serum albumin 
65-kDa protein 
reduced human tracheobronchial mucin 
canine tracheal mucin 
deglycmylated canine tracheal mucin 
65-kDa canine tracheal protein 
elvcoohorin -. . 
a,-acid glycoprotein 
ferritin ~ ~~ ~ ~~~~~ 

human serum albumin - 
aCross-reactivity was determined by competitive radioimmunoassay 

as descrilxd in the text. 

trophoresed previously under reducing conditions (fraction BF1; 
Figure 4, lane I ) .  Therefore, the native 65-kDa protein ap- 
parently did not contain internal disulfide bonds, and thus the 
formation of the S-[14C]carboxymethylamide bonds took place 
on -SH groups which initially were either present in disulfide 
bonds with the mucin subunits or sterically hidden from the 
first alkylation (prior to reduction). There was insufficient 
material available to explore this latter possibility in detail. 

Both the presence of external sulfhydryl groups on the 65- 
kDa protein and the apparent inclusion of the protein during 
the re-formation of the intact mucin molecule indicate the 
possibility that the protein may undergo disulfide bond for- 
mation with the mucin subunits. 

Interestingly, the sample which was not heat treated showed 
no protein bands detectable by Coomassie blue (Figure 9, lane 
I ) .  The periodic acid-Schiff stain indicated that both samples 
had comparable material present a t  the interface of the 
stacking and separating gel (presumably having arisen from 
contaminating dF34B, mucin). The unheated sample con- 
tained slightly more insoluble material which had remained 
in the application well. Apparently, heat treatment facilitates 
both the solubilization of the 65-kDa protein and denaturation 
of the mucin-protein complex, whereas utilization of detergent 
alone has little effect. 

To determine the cross-reactivity of the 65-kDa protein with 
a few specific serum components and mucin-type glycoproteins. 
competitive radioimmunoassays were performed using rabbit 
anti-65-kDa protein antisera. Concurrently, rabbit anti-de- 
glymsylated reduced human tracheobronchial mucin antisera 
were isolated and similarly tested. The results are summarized 
in Table 11. Of the samples tested, the 65-kDa protein an- 
tiserum cross-reacted only with reduced human tracheobron- 
chial mucin and deglycosylated tracheobronchial mucin. I n  
contrast. the deglycosylated, reduced mucin antiserum 
cross-reacted with the 65-kDa protein, but not with nonde- 
glycosylated reduced mucin. 

In summary, the 65-kDa protein is unusually cryptic in the 
mucin-glycoprotein complex. Neither immunological probes 
nor SDS gel electrophoresis reveals this component prior to 
dissociation (either by disulfide bond reduction, chloroform- 
methanol treatment, deglycosylation, or heat denaturation in 
the presence of SDS). Reassociation studies show that both 
the 65-kDa protein and nonrelated molecules such as serum 
albumin can bind to the mucin to form complexes not resolved 
by exclusion chromatography. However, albumin and other 
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serum-derived components are completely resolved by the 
dissociative gradient centrifugation step, a result which suggests 
some level of specificity in the interaction between the 65-kDa 
protein and the mucin. The presence of a component with 
similar physical properties in canine tracheal mucin supports 
the possibility of a functional role for this macromolecule. 
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Unfolding Free Energy Changes Determined by the Linear Extrapolation Method. 

Denaturants? 
1. Unfolding of Phenylmethanesulfonyl a-Chymotrypsin Using Different 
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ABSTRACT: Characteristics and properties of the unfolding free energy change, AG'N-U, as determined by 
the linear extrapolation method are assessed for the unfolding of phenylmethanesulfonyl chymotrypsin 
(PMS-Ct). Difference spectral measurements a t  293 nm were used to define PMS-Ct unfolding brought 
about with guanidinium chloride, urea, and 1,3-dimethylurea. All three denaturants were shown to give 
identical extinction coefficient differences ( AcN-U) between native and unfolded forms of the protein in the 
limit of zero concentration of denaturant. The independence of AcN-u on denaturant supports the linear 
extension of pre- and postdenaturational base lines into the transition zone, allowing evaluation of unfolding 
equilibrium constants based on the two-state assumption. An expression, based on the linear extrapolation 
method, was used to provide estimates of AGoN.U for the three denaturants using nonlinear least-squares 
fitting of the primary data, Ac versus [denaturant]. The three AGON-U values were identical, within error, 
suggesting that the free energy change is a property of the protein system and independent of denaturant. 
It is suggested that the error in AGON-U determined from use of the linear extrapolation method is significantly 
larger than commonly reported in the literature. 

o f  numerous agents known to denature proteins, guanidi- 
nium chloride, urea, and like compounds are believed to cause 
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the most complete unfolding (Tanford, 1968). Many soluble 
globular proteins can be reversibly unfolded by these agents 
and exhibit two-state behavior, a condition upon which analyses 
of unfolding free energy measurements have been based (Saito 
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