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ABSTRACT

Citraconylation was used to solubilize cystic fibrosis sputum and to dissociate
its mucus glycoproteins from extraneous proteins. The mucin fraction was isolated
by precipitation with Cetavlon, and characterized in terms of amino acid and carbc-
hydrate composition. The data suggest that, in determining the physical properties
of glycoproteins of cystic fibrosis mucus, aggregation by noncovalent forces may be
as important as (or more important than) disulfide bonds.

INTRODUCTION

Cystic fibrosis (CF), the most common lethal genetic disease in the United
States', is characterized by abundant and abnormally thick secretions of mucus.
In the airways, chronic infection and pulmonary obstruction are major pathological
findings>.

Bronchial secretions from CF patients contain a decreased content of water,
and, consequently, increased proportions of protein and other constituents which
contribute to its thickness and tenacity>. The viscous nature of CF sputum, like that of
all other bronchial secretions, is attributed to the presence of mucus glycoproteins
which dictate much of the rheological and physicochemical properties of the sputum®.
Detailed biochemical studies of the glycoproteins present in CF sputum have been
made, but comparisons of these studies are difficult, as greatly differing isolation
procedures have been employed®~ °. Due to the excessively thick and sticky nature
of these secretions, most of these procedures involve harsh methods which are often
employed to disperse the gel in order to obtain the glycoproteins in a purified state.

We now report a new method for gently solubilizing the sputum and purifying
the mucins in a fairly rapid and efficient procedure. This method is based on reports
that mucins are often bound in vivo to various protein contaminants, some of which
have been identified’®”'2, This binding has been found to be mainly of a non-
ccvalent nature!® between basic proteins, via e-amino groups, and the negatively
charged sialic acid and sulfate groups on the mucin'®-*?. Herein is described the use
of citraconic anhydride to modify lysyl residues reversibly, thus freeing the sugar
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residues and sulfate groups for precipitation by a quarternary ammonium salt.
Modification of the s-aminc group of lysine residues by this procedure has been used
for freeing nucleoprotein complexes'®. The mucins that were precipitated were deter-
mined to be pure by analytical ultracentrifugation in solutions having a high corcen-
tration of salt and urea, in the presence and absence of 2-mercaptoethanol, and in
SDS-poly(acrylamide) slab gel-electrephoresis, with and without reducing agents.
The purified mucus glycoprotein was characterized in terms of amino acid and
carbohydrate composition.

This method may be useful, not only for CF secretions, but also for the solubili-
zation and purification of bronchial glycoproteins from normal sputum, and from
sputam from other disease states.

EXPERIMENTAL

Source of CF secretions. — Sputum was freshly expectorated into sterile glass
jars, immediately frozen, and kept at —20° until used. All collections were performed
under the supervision of a medical doctor and a nurse.

Purification of mucus glycoprotein. — CF sputum (7.8 mL) was obtained from
four children (2 boys and 2 girls). Ice-cold, sterile, saline solution (4 vol.) and one
drop (40 uL) of 0.4%, sodium azide were added, and the mixture was stirred for 3 h
in the cold, centrifuged, the supernatant liquor collected, and the residue similarly
re-extracted twice. The extracts were combined, ImM EDTA was added, and the
mixture was dialyzed against two changes of 0.01y NaCl and four changes of distilled
water, and lyophilized. The dry residue was dissolved in 0.5M Tris - HCl buffer,
pH 8.0 (20 mL) and, under constant stirring, 5 drops of citraconic anhydride were
slowly added, the pH being continually kept at 8.0 by appropriate addition of NaOH.
Following dialysis and lyophilization, the sample was dissolved in distilled water,
the pH was adjusted to 4.8 with M acetic acid, Cetavlon (209 aqueous cetyltrimethyl-
ammonium bromide, 0.25 mL) was added dropwise, and the solution was kept
overnight at 4°. The cloudy solution was centrifuged, the Cetavion clot dissolved in
a small volume of aqueous 0.5y NaCl, the mucin solution dialyzed and lyophilized,
and the residue tested for purity as described next.

Analytical ultracentrifugation. — All sedimentation-velocity studies were con-
ducted at a speed of 42,040 r.p.m., with a sample concentration of 5 mg/mL. Analyses
were performed with Schlieren optics at a phase plate-angle of 60°, with solvents of
either 0.5y NaCl or 6M urea, with and without added 2-mercaptoethanol (0.19).
Photographs were taken at 12-min intervals, and S values were calculated according
to Svedberg and Peterson’>.

Amino acid analyses. — Samples were each combined with an equal volume of
12y HCl in a hydrolysis tube, and this was evacuated. After 22 h at 110°, the hydroly-
zates were evaporated to dryness, and the residues dissolved in small volumes of
citrate buffer, pH 2.2. Aliquots (100 ug) were analyzed by the two-column procedure
of Spackman ez al.!®, using Dionex DC-1A resin and a Beckman Model 120C Amino
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Acid Analyzer. Threonine and serine were corrected (for decomposition during
hydrolysis) by factors of 1.06 and 1.10, respectively’’.

Chemical analyses. — Protein was determined by the method of Lowry et al.'5,
using crystalline bovine serum albumin as the standard. Neutral hexoses were assayed
by the phenol-sulfuric acid method of Dubois et al.! °, and sialic acid by the resorcinol
procedure according to Svennerholm?°. Hexcsamines were determined, after hydroly-
sis in 6M HCI for 4 h at 104°, by gas-liquid chromatography (g.l.c.), and also by
means of the Amino Acid Analyzer. G.l.c. was performed by using the alditol acetate
derivatives of the sugars in a column (91.44 cm) of Supelco SP-2340, with nitrogen
as the carrier gas®!. Sulfate was assayed by the rhodizonate method??. SDS-poly-
(acrylamide) gel-elecirophoresis was performed in 6.259 acrylamide gels in Tris—
glycine buffer, pH 8.6, as described by Weber and Osborn??, and stained for proteins
with Coomassie Brilliant Blue R-250, and for carbohydrates with periodic acid—
Schiff stain.

RESULTS

Purification of mucin by using citraconic anhydride and Cetavion. — After
dissolution of the sputum in saline, the extracts were found to contain over 859
of the total protein, sialic acid, and neutral hexose. Based on previous observations,
the contamination by proteins was found to be much greater in CF sputum than in
bronchial secretions from normal and chronic bronchitis patients®. In order to
remove these extraneous proteins from the saline extract, we adapted a procedure
described by Shetty and Kinsella'*, who used citraconic anhydride to separate nucleo-
protein complexes from their basic histones, and to precipitate the nucleic acids
selectively. Citraconic anhydride minimizes noncovalent interactions by reversibly
modifying the lysyl residues present in the proteins, the action being primarily
restricted to the extraneous proteins, as mucins contain only very small proportions
of lysine®*. Chemical analysis revealed that the mucins dissociated from the positively
charged proteins, and became precipitable with Cetavlon, whereas the extraneous
proteins remained in the supernatant liquor. Deacylation was achieved by adjusting
the pH to 4.8, and was complete within 2 h. The supernatant (CF-S) and the mucin
(CF-C) fractions were separately dialyzed, lyophilized, and subjected to chemical
characterization.

Chemical analyses. — The gross chemical composition of each of the two
fractions (CF-S and CF-C) is shown in Table I. The mucin fraction contained ~70%,
(by weight) of sugars and ~ 309 of protein, which corresponds well to the charac-
teristic chemical composition of mucus glycoproteins®*-23. The Cetavlon supernatant
liquor contained only 229 of sugar constituents, the rest being protein.

The molar sugar ratios of each fraction are given in Table II. Whereas the mucin
fraction contains a large proportion of fucose, but no mannose, the supernatant
fraction shows mannose as the preponderant sugar, with very little fucose, and only
a trace of 2-acetamido-2-deoxygalactose; this suggests that the CF-S fraction con-
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TABLE L

GROSS, CHEMICAL COMPOSITIONS OF GLYCOPROTEIN FRACTIONS FROM CF spuTUM

Component CF-C CF-S
Protein 4.14 13.50
Neutral hexose 5.15 2.30
Sialic acid 1.80 0.70
2-Acetamido-2-deoxygalactose 0.78 0.06
2-Acetamido-2-deoxyglucose 1.78 0.73
Protein/sialic ratio® 2.3 19.3

aWeight/weight. Values expressed in meg.

TABLE I

SUGAR COMPOSITION OF GLYCOPROTES Fraciions FroM CF sputuM

Sugar Molar ratios
CF-C CF-S

Fucose 57 0.3
Galactose 3.5 0.9
Mannose 0 12
2-Acetamido-2-deoxyglucose 23 1.0
2-Acetamido-2-deoxy-galactose 1.0 0.1
S:alic acid 1.3 0.6

tains contaminating serum glycoproteins that are asparagine-linked, and the CF-C
fraction ccnsists of mucin uncontaminated with mannose-containing oligosaccharides.

The amino acid analysis of each fraction is given in Table III. Threonine,
serine, and proline account for almost 50¢ of the total amino acids of the mucin
fraction. The supernatant protein fraction contained 169 of serine and threonine,
and <10% of proline.

Anaiytical ultracentrifugation. — The mucin fraction (CF-C) was subjected to
high-speed analytical ultracentrifugation. The glycoprotein, at a concentration of
5 mg/mL of 0.5y NaCl, was centrifuged at 42,040 r.p.m., and the Schlieren pattern
obtained had one peak, which broadened with time—a typical feature of mucins
in this system. However, when the sample was dialyzed, and the product dissolved in
6M urea, a hyperfine peak was obtained that exhibited considerably less diffusion.
When a reducing agent {0.19%, 2-mercaptoethanol) was present, in 6M urea, no
appreciable change in Schiieren pattern or S value was observed (see Table IV).
A comparable S value of 6.08 was obtained by Boat and Cheng?® using bronchial
washings from a CF patient. Because the S value obtained in 0.5M NaCl is approxi-
mately twice that of the sample dissolved in 6M urea, it is suspected that a considerable
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TABLE III

AMINO ACID ANALYSES OF GLYCOPROTEIN FRACTIONS FROM CF sPUTUM

Amino acid Mol{ 106 mol
CF-C CF-S

Lys 24 52
His 0.3 0.7
Arg Q.5 2.8
Asp 890 10.4
Thr 19.8 6.2
Ser 15.2 9.4
Gilu 8.1 13.0
Pro 124 9.7
Gly 9.7 9.7
Ala ’ 8.1 6.9
Cys 12 2.1
Val 40 4.3
Met 0.4 0.5
Ile 24 24
Leu 6.5 7.3
Tyr trace 6.9
Phe trace 24
TABLE IV

S VALUES OF FRACTION CF-C IN DIFFERENT SOLVENTS

Solvent S‘.:O.u'
0.5x NaCl 12.6
6M urea 6.9
6M urea + 0.195 2-mercaptoethanol 6.4

degree of aggregation occurs in the salt solution. These data indicate that disuifide
bonding probably does not play a major role in determining the size and physical
nature of the CF mucin described here; this finding has been reported by others
working with bronchial mucins”-%-2%-27,

Poly(acrylamide) gel-electrophoresis. — Slab gel electrophoresis of the initial
crude extract, the mucin, and the non-mucin fractions was performed in the presence
of sodium dodecyl sulfate, with and without either 1,4-dithiothreitol or 2-mercapto-
ethanol. The non-mucin fraction (CF-S) showed one major protein band, corre-
sponding to a molecular weight of 48,000, and several minor bands when 100 ug
of protein was applied to the gel. The initial crude extraci showed numerous protein-
stainable bands. However, the CF-C mucin (200 ug) did not enter the gel matrix, as
would be expected (due to its high molecular weight and high carbohydrate content),
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but no contaminating protein or carbohydrate-stainable bands were seen, even in the
presence of agents that reduce disulfide bonds. This supports the ultracentrifugal
data, which suggest that disulfides are not linking subunits of this glycoprotein.

DiISCUSSION

Separation of mucin glycoproteins from extraneous proteins has been attempted
by several methods®-?-2°_ Gel filtration in denaturing solvents is often used, resulting
in a void-volume mucin peak. However, some insolubility may result during the
concentration procedure, and the high viscosity of this material often necessitates
loading of the column several times with low concentrations. Var‘ous precipitants,
such as ethanol and quaternary ammonium salts, have also been employed, but
ethanol usually precipitates other proteins present®, and quaternary ammonium salts
precipitate only half of the mucins present®®,

We report here a new method for isolating bronchial mucus glycoproteins by
using citraconic anhydride and Cetavlon. Although Cetavlon has been used in the
past for isolation of mammalian mucins, its use with human mucus has been limited,
because the yield was poor?®. We have greatly improved the yield of pure mucus
glycoprotein, using Cetavlon, by treatment of the crude extract with citraconic
anhydride prior to precipitation. A variety of criteria was employed in order to
determine the nature and hcmogeneity of the glycoprotein obtained. Chemical
analysis of both the carbohydrate and amino acid constituents revealed a typical
mucin profile, with no mannose and only traces of aromatic amino acids. Although
the purity of large macromolecules is difficult to ascertain, our preparation appeared
pure by sedimentation-velocity, aralytical ultracentrifugation using different solvents,
as well as by SDS—poly(acrylamide) gel-electrophoresis. These are criteria that are
generally used as a guide in establishing the degree of polydispersity of such high-
molecular-weight compounds?°.

In addition to being simple, this procedure allowed us to obtain the glycoprotein
components in high yield, as determined by the recovery of hexosamines and sialic
acid. After the initial soiubilization, ~909%; of the hexosamines present were isolated
in the mucin fraction.

Based on the variety of conditions used in the purification of the CF-C mucin,
we suggest that, although intermolecular disulfide bonding may play a role in deter-
mining the physical properties of CF mucins, noncovalent forces may be as, or even
more, significant in the aggregation of bronchial mucins and other proteins in sputum.
Although these interactions are weak in comparison to the disulfide bond, these
electrostatic forces would, because of their large number, be major contributing
factors in maintaining the stability of the aggregate. We consider that a crucial
purification step involves the dissociation of mucin—protein complexes with citraconic
anhydride, a reversible modifier of lysyl e-amino groups. Although citraconic an-
hydride has been implicated in some irreversible modifications of active sulfhydryl
groups?9, its effect upon the mucin is presumed to be minimal, as there are only
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traces of cysteine in mucus glycoproteins from bronchial secretions. It is suspected that
whatever potential sulfhydryl groups are present are shielded from the direct effect
of the citraconic anhydride by the numerous oligosaccharide side-chains. Probably
more important is the effect of citraconic anhydride upon the active sulfhydryl
groups of the extraneous proteins.

We have utilized this procedure to purify mucin from sputum solubilized in
saline. However, it may also be suitable for bronchial secretions that are subjected
to a preliminary solubilization in other solvents, such as urea and guanidine, with
prior dialysis.
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