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ABSTRACT Incubation of the cytoskeletal fraction from
human neutrophils with the proteolytically activated form of
protein kinase C results in the phosphorylation of several
components, including a 20-kDa polypeptide, probably con-
sisting of myosin light chains. The 20-kDa polypeptide is also
specifically phosphorylated by activated protein kinase C in a
solubilized 20-kDa/80-kDa complex that was obtained after
sonication of the insoluble cytoskeletal fraction. Phosphoryl-
ation of this polypeptide, in either the insoluble cytoskeletal
fraction or the soluble 20-kDa/80-kDa complex, greatly en-
hances its susceptibility to digestion by the Ca2+-requiring
proteinase (calpain, EC 3.4.22.17) of human neutrophils.
Thus, signals that activate calpain by mobilizing intracellular
calcium would lead to proteolytic activation of protein kinase
C, phosphorylation of cytoskeletal proteins, and remodeling of
the cytoskeleton by proteolysis of at least one cytoskeletal
component.

Stimulation ofhuman neutrophils with low concentrations of
phorbol 12-myristate 13-acetate (PMA) elicits a set of bio-
chemical responses that appear to be mediated by the
activated membrane-bound form of protein kinase C (see ref.
1 and references cited therein). These responses include the
production of oxygen radicals and the release into the
medium of a neutral, membrane-associated, serine protein-
ase (1, 2) and are correlated with the phosphorylation of
membrane proteins (3, 4). On the other hand, stimulation of
neutrophils with formylmethionylleucylphenylalanine
(fMLF) results mainly in a degranulation response, with little
production of active oxygen species and a negligible release
of the neutral serine proteinase (1). The degranulation re-
sponse appears to involve activation of an intracellular
Ca2+-requiring proteinase (calpain, EC 3.4.22.17) and the
proteolytic conversion of protein kinase C to the proteolyti-
cally modified form (5) that is active in the absence of Ca2'
and phospholipids and no longer binds to the neutrophil
membrane (6, 7).
During the course of studies on the mechanism of the

degranulation response, we observed that the cytoskeletal
fraction isolated from cells stimulated with high concentra-
tions of PMA contained reduced quantities of a 20-kDa
polypeptide component. Phosphorylation of the 20-kDa my-
osin light chains of human platelets by an endogenous kinase
was described in 1973 by Adelstein et al. (8) and has recently
been shown to be induced by phorbol esters and to modulate
the release of serotonin induced byPMA (9, 10). Evidence for
the participation of protein kinase C in the PMA-stimulated
release of lysosomal enzymes from rabbit neutrophils has
also been reported (11), and in these experiments, lysosomal

enzyme release appeared to be related to the phosphorylation
of a 50-kDa polypeptide; phosphorylation of a 20-kDa poly-
peptide was not reported.
We report here that the 20-kDa polypeptide in the isolated

cytoskeletal fraction ofhuman neutrophils is phosphorylated
by calpain-activated protein kinase C and that phosphoryl-
ation greatly enhances its susceptibility to digestion by
endogenous calpain.

MATERIALS AND METHODS
Materials. Human neutrophils (6) and neutrophil calpain

(12) were prepared as previously described. The proteolyti-
cally activated protein kinase C was partially purified from
human neutrophils stimulated by PMA following the proce-
dure used for native protein kinase C (7). This modified form
of protein kinase is fully active in the absence of Ca2' and
phospholipids (5). The specific activity of the enzyme was
6 x 104 units/mg of protein, when assayed in the presence
of 5 mM EDTA (7). PMA, phenylmethylsulfonyl fluoride,
ATP, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(Hepes), and the standard proteins for NaDodSO4/polyacryl-
amide gel electrophoresis were from Sigma. [-32P]ATP (3000
Ci/mmol; 1 Ci = 37 GBq) and H3[32P]PO4 (10 mCi/ml) were
obtained from Amersham. Triton X-100 was purchased from
Rohm and Haas.

Isolation of Neutrophil Cytoskeleton. The cytoskeletal frac-
tion was isolated by a modification of the procedure reported
by Yassin et al. (13). Neutrophils (2 x 108 cells) were
incubated at 0°C for 10 min in 10 ml of an ice-cold solution
containing 1% Triton X-100, 160 mM KCl, 50 mM Tris HCl
at pH 7.0, 10 mM EDTA, and 2 mM phenylmethylsulfonyl
fluoride. The Triton-insoluble material was collected by
centrifugation at 8000 x g for 10 min and washed twice with
10 ml of50mM Tris HC1, pH 7.0, containing 160mM KCl and
10mM EDTA. The cytoskeletal fraction was finally suspend-
ed in 2.5 ml of 50 mM sodium borate, pH 7.5, containing 0.1
mM EDTA.

Phosphorylation of Cytoskeletal Proteins by Proteolytically
Activated Protein Kinase C. Cytoskeletal fractions containing
0.4 mg of protein were incubated with continuous shaking at
30°C in 1 ml of 50 mM sodium borate buffer, pH 7.5,
containing 5 mM MgCl2, 5 ,uM [y-32P]ATP (0.25 mCi/mmol),
and 1 mM EDTA, in the presence of 5 units of activated
protein kinase C (see above). After 10 min the mixture was
cooled to 4°C and centrifuged at 8000 x g for 10 min at 4°C.
The insoluble cytoskeletal fraction was collected, washed
with 5 ml of50mM sodium borate, pH 7.5, containing 0.1 mM
EDTA, and suspended in 0.5 ml of the same buffer.

Digestion of Cytoskeletal Proteins with Calpain. Aliquots
(0.1 mg of protein) of the cytoskeletal fraction either untreat-

Abbreviation: PMA, phorbol 12-myristate 13-acetate.
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ed or phosphorylated with ATP and protein kinase C were
incubated at 30'C in 0.5 ml of 50 mM sodium borate, pH 7.5,
containing 0.1 mM CaCl2 and 5 units of purified neutrophil
calpain. As indicated, 0.1-ml aliquots were removed from the
incubation mixture and the reaction was stopped by addition
of 7% trichloroacetic acid (final concentration). The acid-
soluble material was used to measure the amount of free
amino groups liberated (14) and the acid-insoluble fraction
was analyzed by NaDodSO4/polyacrylamide gel electropho-
resis.
NaDodSO4/Polyacrylamide Gel Electrophoresis. The pre-

cipitated proteins were washed with acetone and dissolved in
0.06 M Tris HCl, pH 6.8, containing 1% NaDodSO4, 10%
(vol/vol) glycerol, and 2% (vol/vol) 2-mercaptoethanol. The
samples were boiled for 2 min and 80 tug of protein was
applied to each lane. NaDodSO4/polyacrylamide gel elec-
trophoresis was performed as described (15) except that the
running gel consisted of an 8-18% acrylamide gradient. The
optical density of the protein bands in autoradiographs was
measured by scanning each lane with a Cellosystem densi-
tometer (Ciampolini).

Isolation of an 80-kDa/20-kDa Protein Complex from the
Cytoskeletal Fraction. The cytoskeletal fraction (5.0 mg of
protein) was suspended in 2 ml of 50 mM sodium borate, pH
7.5, containing 1 mM EDTA and 0.5 M KCl and sonicated
(Branson B15, six pulses for 10 s each). The material that
remained insoluble was discarded by centrifugation at 15,000
x g. Approximately 85-90% of the total protein was recov-
ered in the clear supernatant solution. This solution (1.5 ml)
was loaded on a Sephadex G-200 column (2 x 100 cm)
previously equilibrated with 50 mM sodium borate, pH 7.5,
containing 1 mM EDTA and 0.5 M KCl. The flow rate was 12
ml/hr and 2-ml fractions were collected. Aliquots (0.1 ml) of
the eluted fractions were analyzed by NaDodSO4/polyacryl-
amide gel electrophoresis. The fractions containing the 20-
kDa protein (fractions 31 to 41) corresponding to an apparent
molecular mass of250-300 kDa were pooled, concentrated to
2 ml by ultrafiltration on an Amicon UM-10 membrane, and
dialyzed against 50mM sodium borate, pH 7.5, containing 0.1
mM EDTA.

RESULTS
Effect of Phosphorylation on the Rate of Digestion by

Calpain of Proteins in the Cytoskeletal Fraction. The compo-
sition of proteins in the cytoskeletal fraction of human
neutrophils was similar to that previously reported for rabbit
neutrophils (16), with major bands in NaDodSO4/polyacryl-
amide gel electrophoresis corresponding to molecular masses
of 80, 65, 48, 40, 36, 29, 25, and 20 kDa (Fig. 1). This fraction
was relatively resistant to proteolysis by purified calpain, but
the rate of proteolysis was increased by approximately 3-fold
after phosphorylation with protein kinase C (Fig. 2).

Characterization of the Phosphorylated Polypeptide(s) Mod-
ifled by Calpain. To determine which of the components of
the cytoskeletal fraction were degraded by calpain, the
undigested and digested 32P-labeled cytoskeletons were an-
alyzed by autoradiography after NaDodSO4/polyacrylamide
gel electrophoresis (Fig. 3). In the undigested samples the
major phosphorylated peak was in the position corresponding
to the 20-kDa polypeptide, with smaller peaks corresponding
to peptides with molecular masses of 65, 48, 29, and 25 kDa
(Fig. 3A). In the digested sample there was a marked decrease
in the quantity of 20-kDa phosphorylated peptide, accompa-
nied by the appearance of a new radioactive band with
molecular mass of 15 kDa (Fig. 3B).

Specificity of the Phosphorylation Signal for Proteolysis of
the Cytoskeletal Components. The increased rate of calpain
proteolysis of the phosphorylated 20-kDa cytoskeletal pro-
tein could be attributed to a change in its accessibility in the
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FIG. 1. NaDodSO4/polyacrylamide gel electrophoresis of the
cytoskeletal fraction from human neutrophils. The cytoskeletal
fraction (50 jig) was dissolved in 0.1 ml of 0.06 M Tris HCl, pH 6.8,
containing 1% NaDodSO4, 10%o glycerol, and 2% 2-mercaptoethanol
and analyzed by polyacrylamide gel electrophoresis. The numbers
above the peaks are molecular masses, in kDa.

cytoskeletal fraction or more directly to a signal-directed
proteolysis involving the 20-kDa protein. Support for the
latter hypothesis was obtained with a fraction containing the
20-kDa polypeptide isolated by Sephadex G-200 chromatog-
raphy from the solubilized cytoskeleton. The peak emerging
near the void volume (apparent molecular mass, 250-300
kDa) was found to contain two components with molecular
masses of 80 kDa and 20 kDa (see Fig. 5A). Phosphorylation
of this fraction increased its susceptibility to digestion with
calpain nearly 10-fold (Fig. 4). Analysis by NaDodSO4/
polyacrylamide gel electrophoresis revealed that only the
20-kDa component was digested, with the appearance of a
15-kDa fragment (Fig. SB). It must be emphasized that
incubation of the 20-kDa/80-kDa complex with [y32P]ATP
and protein kinase C results in labeling of only the 20
kDa-component (Figs. 3 and 5) and that the 80-kDa compo-
nent is not susceptible to digestion by calpain. Unfortunately,
we have thus far been unable to separate the native forms of
the 80- and 20-kDa components of the complex.
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FIG. 2. Susceptibility of the phosphorylated and nonphosphoryl-
ated cytoskeletal fractions to digestion by neutrophil calpain. Ali-
quots of native (o) or phosphorylated (e) cytoskeletal fractions, each
containing 0.5 mg of protein, were incubated at 37°C in 1 ml of 50mM
sodium borate, pH 7.5, containing 0.1 mM Ca2+ and 5 units of
purified calpain. At the times indicated aliquots (0.2 ml) were treated
with trichloroacetic acid (7% final concentration). The appearance of
-NH2 groups in the supernatant solution was determined with
fluorescamine (14).
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FIG. 3. NaDodSO4/polyacrylamide gel electrophoresis of 32P-
labeled cytoskeletal proteins. The phosphorylated cytoskeletal frac-
tion was digested with calpain as described in Fig. 2. The phospho-
rylated proteins (80 ,ug) were separated by NaDodSO4/polyacryl-
amide gel electrophoresis. Densitometric scans of autoradiographs
are shown. (A) Labeled cytoskeletal proteins before digestion with
calpain. (B) Labeled cytoskeletal proteins after digestion with calpain
for 30 min as described for Fig. 2.

DISCUSSION

Stimulation of human neutrophils by external agents elicits a
variety of responses, including production of active oxygen
species (17), release of a membrane-bound serine proteinase
(2), and release of contents of subcellular granules (18). While
the first two responses appear to be mediated by a series of
events involving tight binding of protein kinase C to the
plasma membrane (19-24) resulting in its activation and the
phosphorylation of membrane proteins (3, 4, 25, 26), degran-
ulation appears to be related to mobilization of intracellular
Ca2l (1, 27-29), followed by activation of calpain. The active
proteinase promotes proteolytic conversion of the mem-
brane-bound protein kinase C into a soluble irreversibly
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FIG. 4. Effect of phosphorylation of the 20-kDa/80-kDa complex
on its susceptibility to digestion with calpain. The solubilized
20-kDa/80-kDa complex was phosphorylated as described in Mate-
rials and Methods for the insoluble cytoskeletal fraction. Samples of
the untreated (o) and phosphorylated (o) complex (0.5 mg each) were
then treated with purified calpain as described in the legend to Fig.
2.
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FIG. 5. NaDodSO4/polyacrylamide gel electrophoresis of the
20-kDa/80-kDa complex after phosphorylation and digestion with
calpain. The trichloroacetic acid precipitate from the 30-min sample
in the experiment in Fig. 4 was solubilized in buffered NaDodSO4 and
aliquots (100 ,ug of protein) were analyzed by NaDodSO4/polyacryl-
amide gel electrophoresis as described in the legend to Fig. 3. (A)
Before digestion with calpain. (B) After digestion with calpain for 30
min. -, Coomassie blue staining; ___, 32P radioactivity.

activated form with substrate specificity different from that of
the native kinase (4, 6, 7). This activated form of the kinase
is presumably involved in the phosphorylation of a number of
intracellular proteins, including components of the cytoskel-
etal network. Phosphorylation, particularly of40- and 20-kDa
polypeptides, is frequently associated with the activation of
platelets (9, 10, 30-33) and neutrophils (11), including cells
activated by PMA (9-11, 33). The identification of myosin
light chain as the 20-kDa polypeptide phosphorylated by
protein kinase C is supported by the observation that myosin
light chains purified from chicken gizzard muscle are phos-
phorylated by this kinase (34). The results reported here
indicate that, at least in neutrophils, phosphorylation of a
cytoskeletal 20-kDa polypeptide, probably myosin light
chains, is catalyzed by the proteolytically activated form of
protein kinase C. These results provide a mechanism involv-
ing calpain in such intracellular responses of activated
neutrophils as the release of granule contents. Activated
calpain is responsible for the proteolytic conversion of
protein kinase C (6, 7) and also, as shown here, for a
reorganization of the cytoskeletal architecture. Phosphoryl-
ation of the 20-kDa polypeptide increases by at least 10-fold
its susceptibility to digestion by calpain, with the appearance
in the cytoskeletal fraction of a 15-kDa product.
The present data provide support for an involvement of

cytoskeletal proteins in exocytosis and specifically for the
concept that reorganization of the cytoskeletal network
facilitates the access of granules to the plasma membranes
(35).

In yeast, proteolytic degradation of fructose-1,6-bisphos-
phatase after its phosphorylation in response to the addition
of glucose to starved cells represents an important mecha-
nism for metabolic regulation (36, 37). But, to our knowledge,
the phosphorylation ofa mammalian protein acting as a signal
for its proteolysis has not been reported previously.
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