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Reduction in Viscosity of Cystic Fibrosis 
Sputum in Vitro by Gelsolin 

Carol A. Vasconcellos, Philip G. Allen, Mary Ellen Wohl, 
Jeffrey M. Drazen, Paul A. Janmey, Thomas P. Stossel* 

Obstruction of airways by viscous sputum causes lung damage in patients with cystic 
fibrosis (CF). Sputum samples from CF patients were shown to contain filamentous actin. 
Human plasma gelsolin, a protein that severs actin filaments, rapidly decreased the 
viscosity of CF sputum samples in vitro. Gc globulin and deoxyribonuclease I, proteins that 
sequester monomeric actin but do not sever actin filaments, were less efficient than gelsolin 
in diminishing sputum viscosity. These results suggest that gelsolin may have therapeutic 
potential as a mucolytic agent in CF patients. 

Patients with CF accumulate thick secre- 
tions in their airways that cause progressive 
pulmonary destruction ( I ) .  CF sputum is a 
complex material, but a major cause of its 
thick consistency is pus, derived from masses 
of degenerating leukocytes (2). The ability 
of bovine pancreatic deoxyribonuclease I 
(DNase I) and, more recently, human re- 
combinant DNase I to liquify CF sputum has 
been ascribed to enzymatic degradation of 
leukocyte-derived DNA (3). We considered 
the possibility that filamentous actin might 
also contribute to the thickness of CF spu- 
tum. Actin comprises 10% of total leukocyte 
protein (4) and forms long protease-resistant 
( 5 )  filaments that are highly viscoelastic (6). 
Furthermore, DNase I is known to bind 
monomeric actin and to slowly depolymerize 
actin filaments (7 ) ,  which suggests that some 
of its reported mucolytic effect might be due 
to actin disaggregation rather than to DNA 
hydrolysis. 

We documented the presence of actin in 
CF sputum (8) by three independent meth- 
ods. First, we did an immunoblot analysis of 
denatured CF suutum and identified a uolv- 

peptide that was similar in size to actin and 
that reacted with an actin-specific antibody 
(Fig. 1, inset) (9). Second, we showed that 
CF soutum eliminated the tvuical time de- , & 

lay in actin polymerization that has been 
attributed to cation-induced nucleation of 
monomeric actin (Fig. 1) (1 0). Nucleation 
of actin polymerization is a property of the 
ends of preformed actin filaments, and the 
increased polymerization rate may be due to 
the introduction of filaments from the spu- 
tum (10). Third, we showed that phalloi- 
din, a fungal peptide that specifically ligates 
filamentous actin, bound to CF sputum. 

Analysis of 10 CF sputum samples re- 
vealed that the concentration of polymeric 
actin ( I  I) varied widely among samples 
(ranging from 0.1 to 5 mglml) and did not 
appear to correlate with sample viscosity 
(Fig. 1B). This is perhaps not surprising, 
however, as the viscosity of filamentous 
actin. like that of other linear oolvmers, 

L ,  

depends on the shear rate, the polyme; 
concentration, the orientation of the fila- 
ments, and, most importantly, the average 
filament length. The viscositv of purified . . 
filamentous actin, for example, varies with 
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Fig. 1. (A) ldentlficatlon of actln in CF sputum 
The graph shows the Increase in fluorescence 
of pyrene actln as the actln polymerized In the 
absence (lower curve) or presence (upper 
curve) of extracts of CF sputum The Inset 
shows an lmmunoblot of proteins detected in 
the sputum of two different CF patients by an 
antlbody to actln (B) Analysis of actln concen- 
tratlon and viscosity of 10 CF sputum samples. 
The concentration of polymeric actln was esti- 
mated by addlng rhodamlne-labeled phalloldln 
to the sputum samples and measuring speclfi- 
cally bound fluorescence (1 1) The vlscoslty of 
the samples was derived from thelr flow rate in 
response to a constant stress (13) 

( 1 4 ,  to CF sputum samples and then mon- 
itored their rheological properties. Prior to 
gelsolin treatment, the viscosity of 32 CF 
sputum samples was 322 k 199 Pa-s (mean 
+ SD) (13). At concentrations of 100 to 
500 nM, gelsolin, purified from human plas- 
ma (1 4), rapidly diminished the viscosity of 
these sputum samples by an average of 62 ? 
44% (mean + SD), irrespective of the initial 
viscosity of the untreated sputum. By con- 
trast, at a concentration of 250 nM, bovine 
pancreatic DNase I and another actin mono- 
mer-binding protein, Gc globulin (a vita- 
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min D-binding protein) (1 5), had no effect 
on the viscosity of CF sputum over the same 
time interval, although both of these pro- 
teins enhanced gelsolin's activity (Fig. 2A). 
A dose-response curve showed that gelsolin 
was effective in reducing sputum viscosity at 
much lower concentrations than DNase I 
(Fie. 2B). ~" , 

CF sputum is a viscoelastic material 
capable of recovering its shape after defor- 
mation, and the rate of this recovery per- 
mits calculation of its elastic shear modulus 
(6). The shear modulus of sputum samples 
from five different patients was 21.0 k 6.7 
Pa (mean + SD) (16). At a concentration 
of 200 nM, gelsolin reduced the shear 
modulus of the samples by 58 2 10% (mean 
k SD). The dependence of viscosity on 
filament length is especially manifest when 
the filaments are imbedded in other solids, 
as in CF sputum, where actin filaments 
would be mixed with mucopolysaccharides 
and other polymers. For example, actin 

Gc globulln 
+ gelsolln 

0 20 40 60 

Time (min) 

200 460 600 
DNase I (M) or gelsolin (0) (nM) 

Fig. 2. (A) Effect of 250 n M  gelsolin,'purified 
from human plasma (14); of proteinase-free 
DNase I (Worthington Biochemical, Freehold, 
New Jersey); of Gc globulin (Calbiochem, La 
Jolla, California); and of combinations of these 
reagents on the viscosity of CF sputum as a 
function of time. (B) Effect of gelsolin and 
DNase I concentrations on the viscosity of CF 
sputum after a 60-min incubation. A series of 
measurements at each time point (A) or con- 
centration of add~tive (B) was made in duplicate 
on sputum samples from a single CF patient. 
The experiments were repeated three to five 
times with samples from different CF patients. 
The volume of reagents added was less than 
6% of the total sample volume. The values 
represent means + SD. 

filaments have been shown to stronelv in- " ,  
crease the shear modulus of fibrin clots, and 
low gelsolin concentrations diminish the 
viscosity of fibrin clots that contain inter- 
penetrated actin filaments (1 7). 

High-affinity actin monomer-binding 
proteins, such as DNase I and Gc globulin, 
can also shorten actin filaments bv Drevent- , ' 
ing monomers from adding back onto fila- 
ments after they dissociate. Compared to 
severing by gelsolin, however, this mecha- 
nism of filament shortening is kinetically 
and stoichiometrically inefficient, because it 
depends on the intrinsic rates at which 
monomers dissociate from actin filament 
ends (0.2 to 2 s-I), and it requires a com- 
paratively large amount of an actin mono- 
mer-binding protein to substantially reduce 
filament length. For example, a single gelso- 
lin molecule can shear in half a 1-pm-long 
actin filament [containing 370 subunits (1 8)] 
in less than 1 s, whereas 185 DNase I 
molecules working for 90 s or longer would 

u 

be required to achieve the same effect. 
Although DNase I has been reported to 

degrade DNA in CF sputum ( 3 ) ,  our find- 
ings raise the possibility that it may also 
reduce viscosity through its action as an 
actin-binding protein. Purified actin inhib- 
its the DNA-hydrolyzing activity of DNase 
I (7); the actin in CF sputum may have the 
same effect. If so. then gelsolin and other " 

actin-binding proteins could enhance 
DNase I activity by facilitating clearance of 
actin. We found that both DNase I and Gc 
globulin had an additive effect with gelsolin 
in lowering the viscosity of CF sputum. 
This synergy may arise in part because 
gelsolin produces more filament ends from 
which actin monomers can dissociate and 
then bind to the actin monomer-binding - 
proteins. The slightly greater additive effect 
of Gc globulin mav reflect its abilitv to 
protect -gelsolin's actin-severing function 
from inactivation by binding actin mono- 
mers. Because actin can simultaneously 
bind gelsolin and DNase I, DNase I would 
not have this protective effect (1 9). 

Plasma gelsolin is a normal constituent 
of extracellular fluids and in concert with 
Gc globulin is thought to scavenge actin 
released from cells during inflammation and " 

injury. Because inflamed airways contain 
plasma proteins, it is likely that Gc globulin 
and plasma gelsolin are naturally present in 
the airways of CF patients, but perhaps in 
insufficient quantities to shorten actin fila- 
ments released from the prodigious accumu- 
lation of pus. Our findings suggest that 
gelsolin merits further investigation as a 
potential nlucolytic agent in CF patients. 
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Kinetics of Molecular Chaperone Action 

Daniel Schmid, Antonio Baici, Heinz Gehring, Philipp Christen* 
Molecular chaperones of the Hsp7O type transiently sequester unfolded segments of 
proteins and promote their correct folding. Target peptides were labeled with an environ- 
mentally sensitive fluorophore so that their binding to the molecular chaperone DnaK of 
Escherichia coli could be followed in real time. The two-step process was characterized 
by relaxation times of 27 seconds and 200 seconds with 2 +M DnaK and 0.1 FM ligand 
at 25°C. In the presence of adenosine triphosphate, the formation of the complex was 
greatly accelerated and appeared to be a single-exponential process with a relaxation time 
of 0.4 second. The binding-release cycle of DnaK thus occurs in the time range of 
polypeptide chain elongation and folding and is too fast to be stoichiometrically coupled 
to the adenosine triphosphatase activity of the chaperone (turnover number, 0.13 per 
minute at 30°C). 

T h e  molecular chaperone DnaK of Esche- 
richia coli belongs to the 70-kD heat shock 
protein (Hsp70) family (1,  2). These pro- 
teins were first identified as part of a set of 
specific proteins that are induced during the 
cellular response to heat shock. Most of 
them are constitutively expressed and are 
essential for cell viability under normal 
growth conditions. Constitutive Hsp70s are 
thought to interact transiently with hydro- 
phobic segments of newly synthesized pro- 
teins and thus to assist in folding and 
translocation of the proteins through mem- 
branes. DnaK, like its eukaryotic homologs, 
consists of an evolutionarily variable 
COOH-terminal peptide recognition do- 
main and a conserved NH2-terminal aden- 
osine triphosphatase (ATPase) domain ( 3 ) ,  
which has been reported to trigger the 
release of a bound ligand upon adenosine 
triphosphate (ATP) hydrolysis (4, 5). The 
rate of binding of a protein or peptide 
ligand has not been determined to date, 
because no kinetic assay for chaperone ac- 
tion has been available. We used peptide 
ligands labeled with an environmentally 
sensitive fluorophore, together with a 
stopped-flow spectrofluorimeter, to deter- 
mine the kinetics of peptide binding to 
DnaK and the effects of ATP on peptide 
binding. 

The targeting sequence of the precursor 
of mitochondria1 aspartate aminotransferase 
is tightly bound by DnaK (6). Here, a 
synthetic 21-residue prepiece was used as a 
ligand for DnaK (Fig. 1). It was synthesized 
with an additional cysteine at the NH,- 
terminus for the covalent attachment of the 
fluorescent probe acrylodan (a dimethyl- 
aminonaphthalene fluorophore with an 
acryl group) (7). The binding site of BiP, 
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the Hsp70 in the endoplasmic reticulum, 
accommodates a peptide of seven amino 
acid residues. It selects for ahhat ic  residues 
and excludes charged residues at all posi- 
tions with the exception of position 7, 
where positively charged residues are slight- 
ly preferred (8). If DnaK has a similar 
binding specificity, we expect that the 
prepiece contains two preferential sites for 
binding to DnaK: residues 1 to 7 and 8 to 14 
(Fig. 1). On binding to DnaK, the fluores- 
cence spectra of the acrylodan-labeled 
prepiece (a-pp) and the shorter acrylodan- 
labeled peptide a-pl (corresponding to res- 
idues I to 7 of a-pp) underwent a blue shift; 
the emission maximum shifted from 525 to 
505 nm. Binding to DnaK increased the 
fluorescence intensity at 500 nm to 185% 
(a-pp) and 300% (a-pl) of that of the 
unbound ligand (Fig. 1). The changes in 
fluorescence arise from an increased hvdro- 
phobicity of the microenvironment of the 
label (9). The dissocia'tion constants (Kd), 
as determined from the hyperbolic binding 
curves (10) obtained by titration of a con- 
stant concentration of ligand (50 nM) with 
increasing concentrations of DnaK, were 63 
nM for a-pp and 1.4 FM for a-pl. For the 
experiments below, a-pp, which bound 
more tightly, was used as the ligand if not 
stated otherwise. 

Complex formation followed double-ex- 
ponential kinetics. At 0.1 FM a-pp and 2 
p,M DnaK, the reaction equilibrated with 
T~ = 27 s and 7, = 200 s (Fig. 2). The 
pseudo-first-order rate constant (kohs) of 
the first phase of the reaction was linearly 
proportional to DnaK concentration and 
correswonded to a bimolecular reaction 
with a second-order binding rate constant 
(k,,) of 9400 M-' s-' and a dissociation 
rate constant (k-,) of 0.004 s-'. The kOb, 
value of the second, slower phase of com- 
plex formation increas.ed on raising the 
concentration of DnaK, which suggested 
that the formation of an encounter com~lex 
might be followed by its isomerization. 
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