
Effect of Chondroitinase ABC on Purulent
Sputum from Cystic Fibrosis and Other Patients

ISMAT A. KHATRI, K. RAMAKRISHNAN BHASKAR, J. THOMAS LAMONT,
S. UMADEVI SAJJAN, CATHERINE K.Y. HO, AND JANET FORSTNER

Research Institute, Department of Structural Biology and Biochemistry, The Hospital for Sick Children,
Toronto, Ontario, Canada [I.A.K., S.U.S., C.K.Y.H., J.F.F.]; Beth Israel Deaconess Medical Center,

Boston, Massachusetts, U.S.A. [K.R.B., J.T.L.]

Cystic fibrosis (CF) patients develop chronic lung infections
associated with airway obstruction by viscous and insoluble
mucus secretions. Although mucus glycoproteins (mucins) are
thought to be responsible for mucus plugs, other glycoconjugate
components of airway secretions have not been systematically
evaluated. The aim of the present study was to determine whether
chondroitin sulfate proteoglycans (CSPG) contribute to the in-
solubility of CF sputum. Sputa obtained from 18 CF patients
were incubated with chondroitinase ABC (ChABC) or buffer
(control) for 18 h at 37°C, and after centrifugation at 12,000 g,
the volume of the insoluble pellet and turbidity of the supernatant
were determined as measures of solubility. ChABC caused a
70–90% reduction in supernatant turbidity and a 60–70% de-
crease in pellet volume of the 13 purulent CF sputa, but had
much less effect on the five nonpurulent CF sputa tested. Similar
results were obtained with two non-CF purulent and two non-CF,
nonpurulent sputa. Gel electrophoresis, Western blot, and slot
blot immunoassays with antichondroitin sulfate and antimucin
antibodies revealed that purulent sputa (CF and non-CF) con-
tained more CSPG and less mucin than nonpurulent sputa. In
vitro mixing experiments showed that mucin in nonpurulent

sputa was reduced upon incubation with purulent sputa, presum-
ably because of degradation or a loss of immunoreactive mucin
epitopes from leukocyte and/or bacterial enzymes present in
purulent sputa. Our results suggest that CSPG contribute more
significantly than mucins to the insolubility of purulent tracheo-
bronchial secretions from CF patients. Because purulent sputa
from non-CF patients showed a similar pattern, our observations
with CF sputa may have wider applicability. (Pediatr Res 53:
619–627, 2003)

Abbreviations
CSPG, chondroitin sulfate proteoglycans
PG, proteoglycans
CS, chondroitin sulfate
DC, decorin
ChABC, chondroitinase ABC
CF, cystic fibrosis
HLM, human lung mucin
TBM, human tracheobronchial mucin
GAG, glycosaminoglycans

CF is a life-threatening inherited disease caused by genetic
mutation of the CF transmembrane conductance regulator
(CFTR), a cyclic AMP-dependent chloride channel present in
secretory and other cells throughout the body. Despite rapid
advances in our knowledge of the structure and function of
CFTR, the link between the mutations in this gene and the
clinical manifestation of widespread obstruction of exocrine
glands with viscous mucus secretions remains obscure.

Almost all CF patients develop chronic lung disease related
to airway obstruction, inflammation, and recurrent infections
that are eventually lethal. In CF airways and intestine, goblet
cell hyperplasia and mucin hypersecretion are characteristic, as
is the presence of dilated airway submucous glands and intes-
tinal crypt lumina (1–4). Inflammatory cell products stimulate
airway secretions and thus contribute to mucus obstruction (4).
Secretory mucin macromolecules, consisting of disulfide-
dependent polymers secreted by epithelial cells, are thought to
be largely responsible for the viscoelastic gels and obstructive
plugging of bronchial secretions. Another component that con-
tributes to increased viscosity is DNA released from lysed
neutrophils in the airways (5, 6). This has led to the clinical use
of recombinant DNase to reduce sputum viscosity and relieve
pulmonary obstruction in CF (7). Clinical improvement after
DNase is often only temporary, and obstructive symptoms tend
to recur.
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The potential role of PG in mucus plugging has received
much less attention, even though there have been several
reports that PG are secreted by airway epithelial cells (8–17).
With special reference to CF, there is an increase in sulfated
high molecular weight glycoconjugates secreted by CF airways
in situ, in organ culture, and/or in cultured CF nasal epithelial
cells (10, 11, 15, 18, 19). Immortalized intrahepatic biliary
epithelial (IBE) cell lines from CF patients also secrete signif-
icantly more CS than the same cells from non-CF patients (20).
These in vitro findings raise the possibility that excessive
production of PG may be directly linked to CFTR dysfunction.
In addition, infection alone seems to stimulate secretion of
CSPG, because LeTreut et al. (12) found elevated CSPG in the
sputum of both CF and non-CF patients suffering from severe
chronic bronchial hypersecretion. Rahmoune et al. (17) re-
ported the presence of CSPG in sputum from infected CF
sputa, but among the non-CF (chronic bronchitic) patients
studied, two infected samples did not contain CSPG whereas a
noninfected sample did. Thus, the causal relationships, if any,
between infection, CFTR mutation, and PG secretion are still
in need of clarification.

By virtue of their long linear oligosaccharides, negative
charge, and adhesive properties (21), luminal PG might be
expected to influence the rheologic properties of secretions.
Under conditions of diminished hydration resulting from faulty
chloride secretion for example, it can be speculated that hy-
perconcentration of PG (as well as mucins) would increase the

tendency to develop tenacious and insoluble secretions. This
consideration prompted us to determine the influence of CSPG
on sputum solubility, to assess CSPG and mucin in CF sputum,
and to determine whether purulent sputum affects the immu-
noreactivity of mucin. Results obtained with purulent CF sputa
and a limited number of purulent sputa from non-CF patients
were similar, suggesting that the role of CSPG in sputum
insolubility may extend to purulent sputa associated with other
diseases.

MATERIALS AND METHODS

Patient samples. Sputa from 18 CF and four non-CF patients
(aged 21–56 y) were collected with informed consent from
patients at St. Michael’s Hospital, Toronto, Canada (Table 1).
As determined by the clinical microbiology laboratory, all
sputa from CF patients (except one), were infected with Burk-
holderia cepacia and/or Pseudomonas aeruginosa, whereas all
sputa from non-CF patients (except one with P. aeruginosa)
were free of bacterial pathogens. Altogether there were 15
purulent (13 of which were CF) and seven nonpurulent (five of
which were CF) samples. The term “purulent” was used only if
samples appeared dark yellow or yellow-green, as sputum
color has been shown to be a good indicator of the severity of
bronchial disease, with gradations of color reflecting the activ-
ity of inflammatory agents (22). Eight additional sputum sam-
ples were collected with informed consent from patients in

Table 1. Patient data

Purulent sputum Diagnosis Patient no. Source (city) Sex Age Lung function FEV1 (%)

No CF 1 Toronto M 23 45
No CF 2 Toronto M 21 73
No CF 3 Toronto M 25 61
No COPD 14 Toronto M 56 ND
No CF 22 Toronto M 34 93
No CF 23 Toronto F 25 44
No Asthma 25 Toronto M 42 ND
No Acute quadriplegia SC1 Boston U �20* ND
No Acute quadriplegia SC2 Boston U �20* ND
No Acute quadriplegia SC3 Boston U �20* ND
No Pneumonia (viral) CL1 Boston U �20* ND
No Tracheobronchitis CL2 Boston U �20* ND
No Asthma CL3 Boston U �20* ND
Yes CF 5 Toronto M 32 24
Yes CF 11 Toronto M 45 29
Yes CF 12 Toronto M 28 54
Yes CF 13 Toronto F 32 37
Yes CF 15 Toronto M 33 20
Yes CF 16 Toronto M 30 60
Yes CF 17 Toronto M 33 21
Yes CF 18 Toronto M 24 32
Yes CF 19 Toronto M 28 33
Yes CF 20 Toronto F 22 32
Yes CF 21 Toronto F 38 35
Yes CF 4 Toronto M 19 16
Yes CF 6 Toronto M 23 33
Yes Myasthenia gravis 8 Toronto F 41 ND
Yes COPD 10 Toronto F 56 62
Yes CF CF1 Boston U 35 ND
Yes CF CF2 Boston U 23 ND

ND, not determined; U, unknown; COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory lung volume per minute (% predicted).
* Age between 20 and 40 years but otherwise unknown.
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Boston, MA, U.S.A. These included purulent sputa from two
adult CF patients (CF1, CF2) at the Boston Childrens’ Hospi-
tal, three nonpurulent sputa (SC1–SC3) from acute quadriple-
gic patients at the West Roxbury VA Medical Center, and three
other non-CF nonpurulent samples (CL1–CL3) from intubated
patients at the Brigham and Women’s Hospital in Boston. All
samples were frozen at �20°C pending further processing.

Enzymes and antibodies for PG assays. Chondroitinase
ABC lyase (protease-free, E.C. 4.2.2.4, Proteus vulgaris) and
trypsin (bovine) were obtained from Sigma Chemical, St.
Louis, MO, U.S.A. Rabbit polyclonal anti-human CSPG anti-
body (anti-CSPG) (MAb 2030) and mouse anti-human CSPG
MAb (anti-CS) (MAb 2029) were obtained from Chemicon
International, Temecula, CA, U.S.A. Anti-CSPG has been
shown to recognize the unsaturated disaccharide glucuronic
acid N-acetyl galactosamine sulfate attached to the core protein
through the linkage tetrasaccharide Xyl-Gal-Gal-GlcU (23).
This antibody was discontinued by the supplier partway
through this study, thus anti-CS was substituted for subsequent
experiments. The anti-CS antibody recognizes mature CSPG
core glycoprotein of 250 kD as well as precursor polypeptides
of 210, 220, and 240 kD. A polyclonal rabbit antibody to the
human CS-containing PG, DC (PG II) (anti-DC), was pur-
chased from Biogenesis, Kingston, NH, U.S.A. This antibody
was made against a synthetic peptide of human DC and
recognizes human DC as well as native bovine and chicken
DC. The antibodies were used in Western blot and/or slot blot
immunoassays of sputum samples as described below.

Incubation of sputum with ChABC and trypsin. Frozen
sputa were thawed on ice, the aqueous phase discarded and the
gel phase evenly dispersed by shearing in 25 mM Tris-acetate
buffer pH 7.4. The dispersion was brought to a total volume of
2 mL. Duplicate aliquots (approximately 500 �L) of each
sputum sample were incubated for 18 h in buffer at 37°C with
or without the addition of 1U ChABC or 6 U of trypsin in a
total volume of 1.2 mL. After centrifugation at 12,000 rpm for
20 min at 4°C, the supernatant turbidity was determined by
measuring absorbance at 600 nm. A photograph of each insol-
uble pellet was scanned and digitized, and the area (as a
measure of pellet volume) was quantified using the “Measure-
ment Macros” function of National Institutes of Health version
1.60.

Mucins and anti-mucin antibodies. Two different prepara-
tions of purified respiratory mucin and their respective anti-
bodies were used. HLM, purified from noninfected, nonpuru-
lent tracheal secretions of a patient with acute quadriplegia,
and a MAb against HLM have been described earlier (24). A
second human TBM was purified by the CsCl ultracentrifuga-
tion method of Carlstedt et al. (25) starting with the gel phase
of pooled, purulent CF sputa (from 12 to 15 patients) homog-
enized in 6 M guanidine HCl. This method effectively sepa-
rates mucins from PG, lipids, DNA, and smaller proteins.
Purity of TBM was verified by SDS-PAGE and amino acid and
amino sugar analyses by the Picotag HPLC system (Waters
Associates, Mississauga, ON, Canada). Carbohydrate profiles
were obtained as described earlier (26) by anion exchange
chromatography using a BioLC system (Dionex Corp., Sunny-
vale, CA, U.S.A.) with pulsed amperometric detection. Poly-

clonal anti-TBM was prepared in New Zealand rabbits, and
immunoreactivity of the purified TBM confirmed by SDS-
PAGE and Western blotting using anti-TBM diluted 1:10,000
(vol/vol). Immunolocalization was carried out on microscopic
sections available from non-CF bronchial tissue (autopsy sam-
ples) as well as CF bronchial tissue (explants obtained at the
time of double lung transplantation). For detection of mucin,
anti-rabbit IgG-peroxidase conjugate was used as specified by
the manufacturer (Vector Laboratories, Burlington, ON,
Canada).

Sputum immunoassays. Equal volumes of supernatants or
pellets from control (buffer alone) or ChABC-digested sputum
were freeze dried, resuspended in SDS-PAGE reducing sample
buffer, boiled for 3 min, and subjected to SDS-PAGE and
Western blotting. Gels were run in duplicate, one of which was
blotted with anti-CSPG and the other with anti-HLM antibod-
ies. Detection was carried out using a second antibody-alkaline
phosphatase system (Roche Diagnostics, Laval, QC, Canada).
The anti-HLM antibody has previously been used to identify
CSPG in biliary epithelial cell secretions (20), which were
therefore used in the present study as positive controls.

Slot blot immunoassays were performed on ChABC-
digested sputum supernatants (25 and 50 �L) using anti-DC
(0.1 mg/mL) and anti-CS (1:200 vol/vol) antibodies to measure
CSPG. Mucin was assayed (in 50 �L of 1:10 and 1:20 dilu-
tions) using anti-TBM antiserum (dilution 1:10,000 vol/vol).
Day-to-day variations in assay results were minimized by
assaying one selected sputum sample (as a standard) on each
day an experiment was performed. Values that fell on the linear
range of immunoreactivity curves were used to calculate den-
sity. Results were expressed as slot density per unit supernatant
volume or per microgram protein, the latter measured using the
bicinchoninic assay (27).

Cellulose acetate electrophoresis of sputum GAG. Super-
natants from four representative sputa (patients 4, 11, 8, and
14; Table 1) were subjected to cellulose acetate electrophoresis
according to published methods (28). Electrophoresis was
carried out in an LKB 2117 multifor apparatus in 1 M barium
acetate buffer pH 5. Titan III cellulose acetate plates (60 � 76
mm) were purchased from Helena Laboratories (Beaumont,
TX, U.S.A.). Plates were stained in a solution of alcian blue
(1% in water) for 10 min and destained with several changes of
5% acetic acid. GAG were identified by comparison with
purified CS A, B, and C standards from Sigma Chemical.

Assays of mucin after incubation of nonpurulent with
purulent sputum (mixing experiment). Equal volumes (100
�L) of the supernatants from nonpurulent (patients 2 or 14,
Table 1) or purulent (patients 4 or 12, Table 1) sputa were
incubated separately or together. The total volume in each
incubation was made up to 250 �L with buffer (25 mM Tris
acetate pH 7.4). After 3 h at 37°C, the incubation mixtures
were boiled for 3 min, diluted with an equal volume of
reducing sample buffer, and three aliquots (50 �L, 100 �L, and
200 �L) subjected to slot blot mucin immunoassays using
anti-TBM (1:10,000 vol/vol). Blots were digitally scanned and
densitometric values were recorded. Mucin values that fell on
the linear portion of the mucin standard curve were used to
calculate density per unit volume of incubation mixtures.
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Statistics. Statistical analyses were performed by the two-
tailed t test of paired or unpaired samples (StatView Student v.
1.0, SAS Institute, Cary, NC, U.S.A.). The level for statistical
significance was p � 0.05.

RESULTS

Standardization and reliability of sputum preparations for
assay. Because of heterogeneous physical properties and vari-
able composition, sputum has to be evenly dispersed to allow
uniform sampling of multiple aliquots. To show that consistent
and reproducible sampling was feasible, the gel phase of 22
different sputum samples was evenly dispersed by shearing up
and down in a wide-bore pipette and then incubated for 15 min
at 37°C in a rotary shaker with an equal volume (0.5–1.0 mL)
of 0.2 M Tris acetate buffer pH 7.4. Dispersed sputum was then
centrifuged, and the supernatant turbidity (OD 600 nm) and
pellet volume of duplicate or triplicate samples were measured.
Intrasample differences were �10%, as were differences be-
tween samples taken on different days from the same original
sputum. These results (not presented) provided assurance that
sampling was reproducible from sputum gel dispersions. As
expected, purulent samples were always more gel-like and
insoluble, and gave much higher (5- to 10-fold) supernatant
turbidity and pellet volumes than nonpurulent samples.

Chondroitinase ABC increases the solubility of CF spu-
tum. Dispersed sputum samples were incubated in duplicate
with ChABC or with Tris acetate buffer (controls) for 18 h at
37°C. As shown for a representative purulent sample (Fig. 1)
ChABC caused visible clarification of the supernatant after
centrifugation and a reduction in pellet volume. In the absence
of enzyme, the supernatant remained semi-opaque and the

gel-like pellet volume was much larger. Quantification of this
phenomenon was carried out on 18 CF sputa (13 purulent and
five nonpurulent) and four non-CF sputa (two nonpurulent, two
purulent) by measuring absorbance of supernatants at 600 nm
(an index of light scattering by particulate material in solutions
or suspensions) and pellet area (to reflect pellet volume).
Purulent sputa showed significantly lower turbidity (Fig. 2a)
and pellet volume (Fig. 2b) (85–90% reduction in supernatant
turbidity, 60–65% reduction in pellet volume) after enzyme
digestion. The responses of two non-CF purulent samples
included in this study could not be distinguished from those of
the CF purulent sputa. Likewise, two non-CF, nonpurulent
samples were indistinguishable from five CF nonpurulent
sputa. Thus, the high turbidity of sputum samples and clarifi-
cation by ChABC seemed to be associated with purulence
rather than CF status.

Incubation of two purulent sputa (one CF, one non-CF) with
6 U of trypsin under the same conditions of time, temperature,
and pH did not decrease solubility. Instead, trypsin caused a
30% increase in supernatant turbidity (not presented), presum-

Figure 1. Clarification of sputum by ChABC digestion. The gel phase of
purulent sputum was incubated for 18 h at 37°C in the presence (�) or absence
(�) of 1 U of ChABC, and then centrifuged at 12,000 rpm for 20 min at 4°C.

Figure 2. Effect of ChABC on sputum solubility. Equal aliquots of dispersed
sputa (gel phase) of 15 purulent and seven nonpurulent samples (Toronto
patients, Table 1) were incubated for 18 h at 37°C in buffer (open bars), or
buffer containing ChABC (hatched bars). Samples were centrifuged and
supernatant turbidity (OD 600) (a) and pellet area (pixels) (b) were measured.
Values represent the mean � SEM for each group of samples. Asterisks denote
statistically significant differences [p � 0.0001 for (a) and 0.001 for (b)].
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ably as a result of the liberation of peptides from proteins,
indicating that the solubilizing effect of ChABC was not
mimicked by proteolytic degradation of sputum constituents.

Identification of CS in CF sputa. Western blot analyses of
supernatants from chondroitinase-digested purulent CF sputa
showed immunoreactive bands with anti-CSPG (Fig. 3a). The
same bands were not detected in the supernatants of corre-
sponding buffer-incubated controls. Immunoreactive bands of
the same size range (118 kD, 90 kD, and below) were also seen
in the corresponding pellets from each patient, but these were
much less intense (results not shown), suggesting that after
ChABC digestion, the bulk of CS was in the supernatant.
Non-CF, nonpurulent samples gave very poor or negligible CS
staining in supernatants (Fig. 3b) and pellets (not presented).

Serous cells from airway submucosal glands have been
shown to synthesize DC, a PG also known as PGII or PG40,
which contains CS B (dermatan sulfate) (14, 29, 30). Therefore
Western blot analyses of sputa were also carried out using
anti-DC. The supernatants of ChABC-digested purulent CF
sputa (patients 4 and12, Fig. 3c) showed an intense immuno-
reactive band at approximately 55 kD, the expected size of the
core protein of intact DC (30, 31), and also less intense bands
at lower molecular weights (possibly degraded products). Im-
munoreactivity was not seen in the case of nonpurulent (CF
and non-CF) sputa (Fig. 3d). Slot blot immunoassays of CS
were also performed on three nonpurulent samples (patients
14, 22, and 25) and 13 purulent samples (patients 4, 8, 10–13,
15–21). The mean immunoreactive DC content was 1.6 times
higher in purulent than in nonpurulent samples (2323 � 144
versus 1460 � 298 density units per 50 �L). Results of anti-CS
slot blot immunoassays exhibited the same trends (1747 � 164
versus 1167 � 170 units per 50 �L) in purulent versus
nonpurulent samples. No CF-specific differences were dis-
cerned. These findings support the interpretation that purulence
rather than CF status correlates best with an increase in CS in
sputa.

Identification of mucin in CF sputa. In contrast to strong
anti-CSPG reactivity, the majority of supernatants from
ChABC-digested purulent CF sputa did not react, or reacted

only weakly, with the MAb against HLM (anti-HLM). These
results are shown in Figure 4, a and b. None of the purulent CF
samples examined (patients 11, 19, 20, 21) showed significant
immunoreactivity with anti-HLM antibody. Interestingly, one
purulent non-CF sample (patient 8) also failed to show reac-
tivity, again implying that low mucin reactivity is associated
with purulence of sputum rather than CF status. As shown for
nonpurulent, non-CF sputa however (Fig. 4b) strong reactivi-
ties (dark smears) were seen with anti-HLM. More than 80% of
the anti-HLM reactivity was in the supernatant, indicating that
the mucin in these samples was mainly in a soluble form, rather
than in the insoluble gel phase or pellet.

Characterization of purified CF TBM and its polyclonal
antibody, anti-TBM. Because the anti-mucin antibody used
above was raised to a non-CF mucin, we considered the
possibility that apparent low reactivity of mucin in purulent CF
sputa might be the result of intrinsic, CF-specific differences in
mucin epitopes. TBM was therefore purified from pooled CF
purulent sputa as described in “Methods.” By SDS-PAGE and
silver staining, the TBM preparation appeared as a high mo-
lecular mass band at the top of the gel (�250 kD) and no other
bands were detected (Fig. 5, lane b). The amino acid profiles of
the two mucins HLM and TBM were almost identical (Table
2), but comparison of sugar profiles revealed that the CF mucin
contained more fucose, GlcNAc and Gal, and less GalNAc and
sialic acid than HLM.

A rabbit antiserum to purified TBM gave a positive signal in
Western blots in the upper region of the gel (Fig. 5, lane c).
Immunolocalization in both non-CF and CF bronchial sections
revealed that the signal was present in goblet cells (not shown).
There was no apparent difference in the signal intensity be-
tween the CF and non-CF tissue, although the number and size
of the goblet cells were increased in the CF sections.

Dilutions of purulent and nonpurulent sputum (supernatants)
were used to establish a standard curve for TBM (not pre-
sented) and to select appropriate dilutions of sample to ensure
that values would fall on the linear range of the curve in
subsequent mucin slot blot immunoassays.

Immunoreactive mucin in sputum samples. Sputum sam-
ples were first grouped into those with low (A) (0.01–0.07),

Figure 3. Western blotting of sputum samples using antibodies to PG.
Supernatants from ChABC-digested purulent (a, c) and nonpurulent (b, d)
sputa were subjected to SDS-PAGE followed by Western blotting using
anti-CSPG antibody (a, b) and anti-DC antibody (c, d). Numbers (top) identify
the patients listed in Table 1. Arrow marks the gel origin.

Figure 4. Western blotting of sputum samples using antibody to mucin.
Supernatants from ChABC-digested purulent (a) and nonpurulent (b) sputa
were subjected to SDS-PAGE followed by Western blotting using anti-HLM.
Purified HLM was used as a positive control. Numbers (top) correspond to
patients listed in Table 1. Thick arrow marks the origin and thin arrow marks
the junction of stacking and separating gels.
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intermediate (B) (0.12–0.26), and high (C) (0.34–1.04) turbid-
ity as represented in Figure 6a. From each ChABC-digested
supernatant (1.2 mL), two or three dilutions were assayed for
total protein concentration and mucin (anti-TBM immunore-
activity). As shown in Figure 6b, the protein concentration

increased with increasing turbidity of samples. However, mu-
cin immunoreactivity decreased as a function of unit protein
(Fig. 6c), such that the most turbid (most purulent) group of
sputa (C) had the lowest mucin.

The most likely explanation for the decreased mucin was
that mucin antigenic epitopes were lost or the mucin was
degraded by proteases and/or glycosidases of inflammatory
cells or bacteria in purulent sputa (32–34). A test for the action
of purulent sputa was carried out by incubating purulent (100
�L) or nonpurulent (100 �L) sputum supernatants separately
(controls) or together. All incubations were adjusted to a final

Figure 5. SDS-PAGE and Western blotting of purified TBM. Lane a repre-
sents prestained molecular mass standards, lane b shows silver staining, and
lane c shows Western blots with anti-TBM antibody at a dilution of 1:10,000
(vol/vol).

Table 2. Composition of respiratory mucins HLM and TBM (mol
%)

HLM TBM

Carbohydrates
Fuc 13.9 21.9
Gal 27.9 32.4
GlcNAc 27.8 35.1
GalNAc 12.7 7.7
NAcNeu 17.7 2.9

Amino acids
Asp 6.6 7.1
Glu 9.5 8.2
Ser 12.1 11.3
Gly 10.6 8.2
His 2.8 1.8
Arg 4.1 2.6
Thr 19.5 19.1
Ala 8.0 8.9
Pro 12.1 12.6
Tyr 1.8 1.0
Val 4.8 5.2
Met ND 0.6
Cys (CMC) 2.8 0.7
Ile ND 2.8
Leu ND 5.5
Phe 2.4 1.9
Lys 2.9 1.8

HLM values were calculated from Ref. 36. For HLM, the Ile and Leu peaks
were obscured by amino sugar peaks and could not be calculated (ND). All
values represent the average of two independent analyses.

Figure 6. Turbidity, protein, and mucin (TBM) assays of sputum samples.
Sputum supernatant samples in group A were from patients 1, 14, 22, and 25;
in group B from patients 4, 13, 15, 16, 17, 18, and 20; and in group C from
patients 8, 10, 11, 12, 19, and 21. The groups reflect low, intermediate, and
high turbidity, respectively. Mucin was measured by slot blot immunoassay.
Values represent mean � SEM (bars) and asterisks indicate p � 0.005 for
panel a, p � 0.02 for panel b, and p � 0.03 for panel c.
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volume of 250 �L with Tris acetate pH 7.4 buffer and carried
out for 3 h at 37°C. Immunoreactivity of mucin was measured
by slot blot immunoassay and the results expressed as mucin
per 50 �L. If no loss had occurred, the immunoreactivity of
mixtures should have equaled the sum of mucin densities in
purulent and nonpurulent samples (i.e. the sum of black and
white bars of Fig. 7). However, the measured mucin in mix-
tures (hatched bars) was lower in each case, indicating that
mucin immunoreactivity in nonpurulent sputum was decreased
after exposure to purulent sputum. Presumably, this also occurs
in vivo after mucins are secreted into airways and encounter
inflammatory cells. Because the identity of the major antigenic
epitopes for anti-TBM are unknown at the present time, it is
not clear whether the decrease in immunoreactivity reflects
losses of oligosaccharide components or poorly glycosylated
peptide regions of the mucin.

Identification of GAG in purulent sputa:. Supernatants
from four ChABC-digested purulent sputa were examined by
cellulose acetate electrophoresis in an effort to identify the
major type of CS chains (Fig. 8). Although the intact GAG
used as standards differ structurally from the GAG fragments
expected after ChABC digestion of sputa, alcian blue-positive
spots were seen at approximately the same position as the
commercial standard CS B (dermatan sulfate). Reactivity was
strong in the three purulent samples (patients 4, 11, and 8),
which is consistent with the earlier-demonstrated presence of
DC in purulent samples. No alcian blue staining was noted in
a sample of nonpurulent sputum (patient 14), which is consis-
tent with earlier results showing low turbidity and poor reac-
tivity with anti-CSPG and anti-DC in nonpurulent samples.
The identity of the spot near the origin (in patients 4 and 8)
remains to be established.

DISCUSSION

Sputum turbidity and CSPG. The major finding of this
study was that incubation with chondroitinase had a pro-
nounced solubilizing effect on CF purulent sputa. The super-
natant became almost transparent and the pellet size decreased
dramatically. Although the non-CF patient population was
small, there was no obvious trend to suggest that high turbidity
and clearance by ChABC were unique to CF sputa. Non-CF
purulent samples were equally affected by the enzyme.

CS in CSPG consist of long, unbranched polymeric chains
of disaccharides (35). Digestion with the endoglycosidase
ChABC leaves a modified disaccharide, delta unsaturated glu-
curonic acid-N-acetylgalactosamine, (GlcU-GalNAc), attached
to the core protein through the linkage tetrasaccharide, glucu-
ronic acid �1, 3 Gal �1, 3 Gal �1,4 Xylose (35). The poly-
clonal anti-CSGP used in the initial Western blots in the
present study recognizes the unsaturated disaccharide resulting
from ChABC digestion (23). The anti-CS antibody recognizes
mature CS PG core glycoprotein as well as the precursor
polypeptides, and anti-DC antibody recognizes human DC.
Western blots or slot blot immunoassays using the three dif-
ferent antibodies all showed that purulent sputa were enriched
in CSPG content.

Solubilization was not improved with trypsin, indicating that
higher protein (nonmucin, non-PG) content of purulent sam-
ples was unlikely to be responsible for their high turbidity. It is
also unlikely that mucins in the sputa were responsible for
turbidity inasmuch as ChABC does not degrade mucins (36)
and mucins do not contain uronic acid.

Figure 7. Loss of mucin immunoreactivity in purulent sputa. In two exper-
iments (#1, #2) supernatant samples (100 �L) of nonpurulent (white) and
purulent (black) sputa were incubated separately or together (hatched) for 3 h
at 37°C in Tris-acetate buffer pH 7.4. The final volume of all incubations was
250 �L. Mucin was measured in duplicate samples of three dilutions by slot
blot immunoassay using anti-TBM, and expressed as density per 50 �L. Bars
show total range of values obtained. Numbers in brackets refer to patients
listed in Table 1.

Figure 8. Cellulose acetate electrophoresis of purulent sputum. Supernatants
from four representative sputa were subjected to discontinuous electrophoresis
followed by alcian blue staining for the detection of GAG. Arrow (left)
indicates point of sample application. CsA (chondroitin sulfate A) and CsB
(dermatan sulfate) represent GAG standards. Numbers on top correspond to
patients listed in Table 1.
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Possible mechanism of clarification of sputum by chon-
droitinase. CS chains range in length from 50 to 150 residues
(molecular mass 20–50 kD) (21), and are therefore much
longer and heavier than the individual branched O-linked
oligosaccharides typical of mucins (1–20 residues) (37). En-
zymatic digestion of CSPG is thus likely to disrupt complexes
or large aggregates formed by the intertangling of long GAG
chains with other macromolecules, including proteins, lipids,
mucins, DNA, or other PG (21, 38, 39). Presumably, the
sputum solubilization observed in our studies was caused by
dissociation of such aggregates.

The source of elevated CSPG in purulent sputa. The spe-
cific cell source(s) of PG in purulent sputum was not investi-
gated, although the increase in DC content suggests that hy-
persecretion from serous cells of tracheal and bronchial
submucosal glands may represent one source, inasmuch as
CS-containing DC is a major product of these cells (14, 29,
30). Other CSPG may also be produced by serous cells,
however (14, 16, 40), and other potential sources of CSPG
include fibroblasts, inflammatory cells, chiefly leukocytes (41–
43), or leakage of extracellular matrix proteins (13) through
damaged airway epithelium. The increase in CSPG content in
purulent versus nonpurulent sputa suggests that bacterial in-
fection stimulates PG synthesis and/or secretion. There are
several published reports that are consistent with this sugges-
tion. For example, Sommerhoff et al. (44) have reported that
elastase and cathepsin G of inflammatory cells act as potent
stimulants of CSPG release from serous cells. Purulent tra-
cheobronchial secretions of patients with CF and other diseases
are more highly sulfated and exhibit stronger acidic properties
than those from health patients, which suggests an increase in
CSPG (10–12, 15, 45).

Low amounts of measurable mucin in purulent sputa. It is
generally assumed that viscoelastic mucin macromolecules are
responsible for the poor clearance of CF secretions from
infected airways (46). In the present study, however, the
measured mucin immunoreactivity was greater for nonpurulent
than purulent sputa. It was considered highly unlikely that
there would be an overall decrease in mucin synthesis and
secretion in infected airways, because goblet cell number and
secretion are almost always increased with infections. The
decrease of mucin in purulent sputa also could not be attributed
to intrinsic epitope differences between CF and non-CF mu-
cins, because both anti-HLM and anti-TBM gave the same
qualitative results in Western blots and slot blot immunoas-
says, despite recognizable mucin carbohydrate differences. The
mixing experiment, in which mucin immunoreactivity in non-
purulent sputum decreased after a brief (3-h) incubation with
purulent sputum, provides a reasonable explanation of the
observed differences. Bacterial and/or inflammatory cell prod-
ucts present in purulent sputum, such as proteinases and/or
glycosidases, are probably responsible for decreased mucin
reactivity. This interpretation is supported by earlier reports
that mucin degradation is accelerated during P. aeruginosa
infections (34). Degradation could include removal of carbo-
hydrate epitopes and/or “exposed” (poorly glycosylated) ter-
minal regions of the mucin polypeptide (37). Because gel
formation depends on end-to-end polymerization of mucin

monomers, proteolytic excisions in terminal regions of mono-
mers can cause mucin gels to collapse.

Clinical implications. The response of purulent sputa to
ChABC suggests that mucins may not be the most important
factor in causing the physical abnormalities of purulent tra-
cheobronchial secretions. Agents such as N-acetyl cysteine
derivatives (47), gelsolin (48), dextran (49), and heparin are
thought to have “mucolytic” properties, but evidence that these
agents cause sustained relief from airway obstruction in
chronic lung diseases is lacking. The present study suggests
instead that PG GAG degradation may be warranted as a
potential adjunct to therapy to improve airway clearance in
chronic respiratory infections in general and in CF in
particular.
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