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ABSTRACT Tumor necrosis factor a (TNF-a) and bacte-
rial lipopolysaccharide (LPS) induce the synthesis and cotrans-
lational myristoylation of an 82-kDa specific protein kinase C
substrate in human neutrophils. The myristic acid is covalently
bound via a hydroxylamine-resistant amide linkage to the
N-terminal glycine of the protein. The isoelectric point of the
protein is at pH 4.6. The protein is rapidly phosphorylated
when neutrophils are stimulated with chemotactic agonists or
with phorbol 12-myristate 13-acetate, an activator of protein
kinase C, and displays two characteristic phosphopeptides in
one- and two-dimensional separation systems. Identical phos-
phopeptides were detected when the 82-kDa protein was phos-
phorylated in vitro with purified kinase C. The 82-kDa protein
was immunoprecipitated by a polyclonal antiserum raised
against the 87-kDa specific protein kinase C substrate from
bovine brain. From these biochemical and immunological
criteria it is concluded that the 82-kDa protein is the human
neutrophil homolog of MARCKS, the myristoylated, alanine-
Ach C kinase substrate previously described in bovine and rat
brain and in murine fibroblasts and macrophages. TNF-a and
LPS prime human neutrophils for potentiated protein kinase
C-dependent responses such as the respiratory burst and
exocytosis. Consistent with this, these mediators do not induce
the phosphorylation ofMARCKS but prime the neutrophils for
enhanced phosphorylation of this protein when the cells sub-
sequently encounter activators of protein kinase C. This in-
crease in MARCKS phosphorylation can be explained by the
elevated levels of the protein observed in TNF-a- or LPS-
treated neutrophils. Indeed, MARCKS constitutes 90% of all
proteins synthesized in response to TNF-a or LPS. These data
strongly suggest that MARCKS acts as a critical effector
molecule in the transduction pathway of these important
inflammatory mediators.

Neutrophils regulate host defense, in part, by secreting a
number of inflammatory mediators in response to agonists
such as chemotactic peptides and bioactive lipids. The signal-
transduction pathways mediating these events often involve
protein kinase C (1-3). In addition, a number of cytokines or
bacterial lipopolysaccharide (LPS) can prime neutrophils for
potentiated agonist-dependent responses (4, 5). Among the
cytokines that have been shown to prime neutrophils are
tumor necrosis factor a (TNF-a) (6, 7), granulocyte/
macrophage-colony-stimulating factor (GM-CSF) (8, 9), and
interferon 'y (IFN-y) (10). The biochemical events that me-
diate cytokine- and LPS-dependent priming of neutrophils
are poorly understood.
LPS also primes murine macrophages for potentiated pro-

tein kinase C-dependent responses such as the release of
arachidonic acid metabolites (11). This priming has been

shown to correlate with the expression of a 68-kDa myris-
toylated specific protein kinase C substrate (12, 13). This
protein is similar to the 87-kDa and 80-kDa specific protein
kinase C substrates described in bovine and rat brain and in
murine fibroblasts (14-18). The cDNAs encoding the bovine
brain, chicken brain, and murine macrophage proteins have
been cloned and they encode acidic, alanine-rich proteins
with molecular masses of 32 kDa, 28 kDa, and 29 kDa,
respectively (refs. 19 and 20; J. Seykora, A.A., and J.
Ravetch, unpublished data). Because of the discrepancy
between the actual and apparent molecular masses, it was
proposed that the protein be referred to by the acronym
MARCKS (for myristoylated, alanine-rich C kinase sub-
strate; ref. 19).
We report here that TNF-a and LPS, factors that prime

human neutrophils for enhanced protein kinase C-dependent
signal transduction, also induce the synthesis and myristoy-
lation of an 82-kDa MARCKS protein. In addition, the
82-kDa MARCKS is the major protein synthesized de novo
in TNF-a- and LPS-treated neutrophils.

MATERIALS AND METHODS
Mediators. Smooth LPS from Salmonella abortus equi was

a gift from C. Galanos (Max Planck Institute, Freiburg,
F.R.G.); recombinant human TNF-a (4 x 107 units/ml) was
obtained from A. Cerami (Rockefeller University); and re-
combinant human IFN-y (Ro 41-3503, 108 units/mg) was
provided by G. Garotta (Hoffmann-La Roche, Basel). Re-
combinant human GM-CSF (2.5 x 105 units/ml) was pur-
chased from Amgen Biologicals. All cytokines contained
<0.1 ng of LPS per ml as determined by the Limulus assay
system (Whittaker Bioproducts). Recombinant human GM-
CSF purchased from an alternative vendor induced the
synthesis and myristoylation of MARCKS but was found to
be contaminated with low levels of LPS.

Neutrophils. Neutrophils were prepared from fresh donor
blood by dextran sedimentation and were purified over
Ficoll/Hypaque (21). Cells were resuspended at 3 x 106 cells
per ml of RPMI-1640 (GIBCO), added (3.9 x 105 cells per
cm2) to tissue culture dishes (Corning) pretreated with 25%
fetal bovine serum in RPMI-1640 (22), and incubated for 30
min at 37°C prior to labeling or stimulation.

Cell Labeling. [3H]Myristic acid. [3H]Myristic acid (40
Ci/mmol, New England Nuclear; 1 Ci = 37 GBq) was dried
under a stream of nitrogen and sonicated into a small volume
of RPMI-1640 supplemented with ovalbumin at 100 mg/ml.
Forty microcuries of [3H]myristic acid (1 nmol) was added

Abbreviations: GM-CSF, granulocyte/macrophage-colony-stimulating
factor; IFN-y, interferon y, LPS, lipopolysaccharide; MARCKS,
myristoylated, alanine-rich C kinase substrate; PMA, phorbol 12-
myristate 13-acetate; TCA, trichloroacetic acid; TNF-a, tumor necrosis
factor a.
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per ml of medium and the cells were incubated for 4 hr (if not
stated otherwise) in the absence or presence of cytokines or
LPS. At the end of the incubation, >95% of the cells excluded
trypan blue. Incubations were terminated by placing the cell
culture dishes on ice and adding 2 mM EGTA. Neutrophils
were scraped off with a rubber policeman, the dishes were
washed with phosphate-buffered saline containing 1 mM
EDTA, and the cells were pelleted at 40C in a microcentrifuge
for 5 min.

[3H]Lysine. Neutrophils were incubated in lysine-free
RPMI-1640 supplemented with lysine (100 Ci/mmol, New
England Nuclear) at 20 tuCi/ml for 4 hr in the presence or
absence of activator and, where indicated, cycloheximide (5
,ug/ml). Cells were recovered as described above.

[32P]Phosphate. Neutrophils were added to culture dishes
as described above and were incubated in the presence or
absence of TNF-a for 2.5 hr in phosphate-free RPMI-1640.
Two millicuries of [32P]orthophosphoric acid (9 Ci/,umol,
New England Nuclear) was then added per ml of medium and
the incubation continued for 90 min. The cells were stimu-
lated with phorbol 12-myristate 13-acetate (PMA, 100 nM) for
2 min or f-Nle-Leu-Phe (1 ,uM) for 45 sec. Incubations were
stopped with ice-cold trichloroacetic acid (TCA; final con-
centration, 10%) and the dishes were rapidly cooled on ice.
After 20 min, precipitated material was recovered by cen-
trifugation.

Immunoprecipitation. Cell pellets were resuspended in 0.5
ml of lysis buffer [10 mM Tris/15 mM EDTA/1% (wt/vol)
Nonidet P-40/50 mM NaH2PO4/50 mM KF/10 mM sodium
pyrophosphate, pH 7.4] containing the protease inhibitors
leupeptin (1 mM), phenylmethylsulfonyl fluoride (1 mM),
aprotinin (0.24 trypsin inhibitor unit), and diisopropyl fluo-
rophosphate (3 mM). After removal of nuclei, cell extracts
were precleared with 20% (vol/vol) protein A-Sepharose and
the 82-kDa myristoylated protein was immunoprecipitated
with a rabbit antiserum directed against bovine brain
MARCKS (13).
Immunoprecipitation from TCA-precipitated proteins was

performed as follows. TCA (final concentration, 10%) was
added to the neutrophils and after 20 min on ice the lysates
were transferred to microcentrifuge tubes. Precipitated ma-
terial was washed twice with acetone and boiled in 40 ,l of
1% NaDodSO4/20 mM Tris, pH 8.0. The samples were then
diluted 10-fold with 1% (wt/vol) Triton X-100/1% (wt/vol)
sodium deoxycholate/150 mM NaCl/1 mM EDTA/20 mM
Tris, pH 8.0, and the now-soluble 82-kDa protein was im-
munoprecipitated as described above.

In Vitro Phosphorylation and Phosphopeptide Analysis.
These were performed as described (15, 23). In brief, 7.5 x
106 cells were resuspended in lysis buffer containing 1%
Nonidet P-40 and the postnuclear supernatant was phosphor-
ylated with purified mouse brain protein kinase C (15, 23).
One-dimensional phosphopeptide mapping ofimmunoprecip-
itated MARCKS was performed after limited proteolysis with
Staphylococcus aureus V8 protease (Boehringer Mannheim)
(13, 24). Two-dimensional thin-layer phosphopeptide map-
ping was performed as described (23). In brief, gel pieces
containing 32P-labeled MARCKS were digested with ther-
molysin (Boehringer Mannheim) and the released peptides
were separated on cellulose thin-layer sheets (Eastman Ko-
dak) by electrophoresis (first dimension) followed by chro-
matography (second dimension). Phosphopeptides were vi-
sualized by autoradiography.

Electrophoresis. Cell pellets were resuspended in ice-cold
water and TCA was added to a final concentration of 10%.
The precipitated protein was washed twice with acetone,
air-dried, and resuspended in sample buffer prepared for
isoelectric focusing (25) or NaDodSO4/PAGE (26).

Analysis of the Fatty Acyl Group. Hydroxylamine sensitiv-
ity of 3H-labeled proteins was determined as described (12).

TCA-precipitated and acetone-washed cell pellets (7.5 x 106
cells) were incubated for 4 hr at room temperature with 1 ml
of 1 M hydroxylamine (pH 10) or 1 ml of 1 M Tris HCl (pH
7). Proteins were then precipitated with TCA and separated
by NaDodSO4/PAGE.

Identification of the protein-bound fatty acyl group was
performed by analysis of immunoprecipitated 82-kDa protein
(13, 27). In brief, [3H]myristic acid-labeled MARCKS was
eluted from immunoprecipitates with 0.1% trifluoroacetic
acid and extracted three times with petroleum ether. The
aqueous phase was lyophilized, resuspended in 20 mM gly-
cine (pH 10.2), and incubated for 36 hr with proteinase K
from Tritirachium album (Sigma). The pH was then adjusted
to pH 7.5 with 500 mM potassium phosphate (27) and the
incubation continued for 36 hr in the presence of Pronase E
from Streptomyces griseus (Sigma). N-Myristoylglycine was
extracted and identified by reverse-phase HPLC (27). For
fatty acid analysis, the proteinase digest was extracted and
the organic phase was subjected to acid methanolysis. Fatty
acids and methyl esters were identified by reverse-phase
HPLC (27).

RESULTS
TNF-a and LPS Induce the Myristoylation of an 82-kDa

Protein. Incubation of neutrophils for 4 hr in the presence of
[3H]myristic acid resulted in the prominent incorporation of
the label into three proteins (18, 38, and 40 kDa). When the
cells were treated with TNF-a or with LPS, the myristoyla-
tion of a distinct protein with an apparent molecular mass of
82 kDa was strongly induced (Fig. LA). The TNF-a- and
LPS-induced, acylated 82-kDa protein was specifically and
completely immunoprecipitated with a rabbit serum raised
against the bovine brain 87-kDa MARCKS protein (Fig. LA)
(13, 15). Two-dimensional gel electrophoresis of lysates from
neutrophils previously treated with TNF-a revealed that the
82-kDa [3H]myristic acid-labeled protein had an isoelectric
point at pH 4.6 (Fig. 1B), which is similar to that of murine
and bovine MARCKS (13, 15). In the presence of cyclohex-
imide (5 gg/ml) the acylation of the 82-kDa protein was
completely inhibited, suggesting that the attachment of
myristic acid occurred cotranslationally (Fig. 1B). Under
these conditions, an acylated 48-kDa protein with an acidic
isoelectric point of pH 5.4 was observed (the detailed char-
acterization of this protein will be presented elsewhere; P. G.
Heyworth, M.T., A.R., A.A., and J. T. Curnutte, unpub-
lished data). The acylation of the 82-kDa protein was resist-
ant to hydroxylamine treatment at pH 10, indicating that the
myristic acid was linked to the protein by an amide bond
rather than through an alkaline-sensitive ester linkage. Com-
plete degradation of the protein with proteinase K and
Pronase E (27) showed that myristic acid was exclusively
recovered as N-myristoylglycine (data not shown). Follow-
ing acid methanolysis of the protein (12), all the radiolabel
was coeluted from a C18 reverse-phase HPLC column with
the methyl myristate or myristic acid standards (data not
shown). From these results it is concluded that the acylated
82-kDa protein in neutrophils represents human MARCKS.

Myristoylation of MARCKS: Temporal Rkesponse and Con-
centration Dependence of Activators. The effect of TNF-a,
LPS, IFN-y, and GM-CSF on the myristoylation ofMARCKS
was examined in [3H]myristic acid-labeled neutrophils (Fig. 2).
Proteins were electrophoretically separated and the resulting
fluorographs were analyzed by laser densitometry. TNF-a
induced half-maximal myristoylation at 10 units/ml, and 100
units/ml was required for maximal MARCKS expression. A
similar maximal level of MARCKS myristoylation was ob-
served with LPS. The response to LPS was more sensitive, in
that no protein acylation was induced by LPS at 0.5 ng/ml
whereas maximal levels were obtained with 5 ng/ml. By
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FIG. 1. TNF-a- and LPS-induced protein myristoylation in human neutrophils. (A) Neutrophils (7.5 x 106 cells) were labeled for 4 hr with
[3H]myristic acid (40 /LCi/ml) in the absence (control, CONT) or presence of TNF-a (100 units/ml) or LPS (100 ng/ml). The cells were then
lysed, and the 82-kDa protein was immunoprecipitated (IP) with a rabbit serum directed against bovine MARCKS (13). A second aliquot of the
same lysate was loaded directly for NaDodSO4/PAGE (lysates). (B) Two-dimensional electrophoresis (first dimension, isoelectric focusing) of
[3H]myristic acid-labeled neutrophils (3 x 106) treated for 3 hr with TNF-a (100 units/ml) in the absence (Upper) or presence (Lower) of
cycloheximide (5 ug/ml). All panels show fluorographs of dried NaDodSO4/polyacrylamide gels exposed for 5 days on Kodak XAR-5 film.
Molecular size markers are in kilodaltons.

contrast, treatment with IFN-'yor GM-CSF at 0.1-1000 units!
ml did not induce the acylation of MARCKS (Fig. 2A), even
though all the mediators caused distinct morphological
changes in the cells at 1-10 units/ml (data not shown). TNF-a-
and LPS-dependent myristoylation of MARCKS were first
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apparent after 80 min of incubation and continued to increase
for at least 4 hr (Fig. 2B). IFN-y and GM-CSF did not induce
the acylation ofMARCKS over the same time period. In some
experiments neutrophils were preequilibrated with [3H]myris-
tic acid for 1 hr before treatment with TNF-a or LPS. Under
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FIG. 2. Effect of LPS, TNF-a, GM-CSF, and IFN-y on the myristoylation of the 82-kDa protein. (A) Neutrophils (3 x 106) were labeled
with [3H]myristic acid for 3 hr in the presence ofTNF-a (e), GM-CSF (*), or IFN-y (i) at 0.1-1000 units (U)/nil or LPS (*) at 0.05-500 ng/ml.
CONT, control. (B) Neutrophils (3 x 106) were labeled with [3H]myristic acid for the indicated times in the presence ofTNF-a (e) at 100 units/ml,
LPS (A) at 100 ng/ml, GM-CSF (*) at 100 units/ml, or IFN-,y(u) at 100 units/ml. Fluorographs were quantitated by laser-densitometry (arbitrary
absorbance units). In B, the absorbance was corrected for the corresponding untreated cells.
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these conditions the expression ofMARCKS was still induced
after :80 min, indicating that the lag time for MARCKS
synthesis was not due to the equilibration of the [3H]myristic
acid with endogenous fatty acid pools.
MARCKS Is Phosphorylated in Vivo and in Vitro by Protein

Kinase C. We tested whether MARCKS was phosphorylated
in neutrophils after stimulation of the cells with the receptor
agonist f-Nle-Leu-Phe or the protein kinase C activator PMA.
MARCKS was not phosphorylated in unstimulated or TNF-
a-treated cells (Fig. 3A). However, PMA and f-Nle-Leu-Phe
stimulated the rapid (maximum within 45 sec) phosphoryla-
tion of MARCKS. The level of stimulus-dependent phos-
phorylation was higher in TNF-a-treated neutrophils than in
untreated cells (Fig. 3A). Two-dimensional peptide mapping
of phosphorylated MARCKS from control (data not shown)
and TNF-a-treated cells (Fig. 3B) resolved two phosphopep-
tides, which were identical to those reported for murine
macrophage, murine brain, and bovine brain MARCKS (23,
28). MARCKS could also be phosphorylated with purified
protein kinase C in lysates of control or TNF-a-treated
neutrophils. Limited proteolysis of the immunoprecipitated
protein with S. aureus V8 protease (24) yielded two phos-
phopeptides of 13 and 9 kDa (Fig. 3C), which are character-
istic of all MARCKS proteins (13, 15).

Synthesis of MARCKS. Mature peripheral blood neutro-
phils have a short life-span and a limited capacity to synthe-
size proteins (29). The profile of proteins synthesized by
neutrophils in 3 hr (Fig. 4) showed that 30-40 proteins
incorporated [3H]lysine, with the major proteins having ap-
parent molecular masses of 55, 42, and 30 kDa. Translation
was completely inhibited by cycloheximide. TNF-a induced
the prominent synthesis of a protein of 82 kDa (90% of all
TNF-a-induced protein synthesis) and the modest synthesis
of a protein of 57 kDa (Fig. 4). The 82-kDa protein was
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FIG. 4. Expression of the 82-kDa protein in human neutrophils.
Neutrophils (7.5 x 106) were labeled for 3 hr with [3H]lysine (20
jCi/ml) in the absence (control, CONT) or presence of TNF-a (100
units/ml). Where indicated, cycloheximide (5 pg/ml) was also in-
cluded. The cells were then solubilized in lysis buffer and an aliquot
of the lysate was resolved by NaDodSO4/PAGE and fluorography
(lysates). The 82-kDa protein was immunoprecipitated (IP) from a
second aliquot of the lysate.

identified as MARCKS by immunoprecipitation (Fig. 4) and
by two-dimensional electrophoresis (data not shown). In
addition, MARCKS represented a major component of all the
proteins synthesized by the TNF-a-treated neutrophils. Sim-
ilar results were obtained when the cells were treated with
LPS (data not shown).
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FIG. 3. Phosphorylation of the 82-kDa protein. (A) Autoradio-
gram showing in vivo phosphorylation of the 82-kDa protein. Control
and TNF-a-treated (100 units/ml) neutrophils were labeled with
[32P]orthophosphate and then stimulated for 2 min with 100 nM PMA
or for 45 sec with 1 ,uM f-Nle-Leu-Phe (fNLP). Unstimulated (-) and
stimulated cells were TCA-precipitated, and following solubilization,
the 82-kDa protein was immunoprecipitated and analyzed by
NaDodSO4/PAGE. (B) Two-dimensional phosphopeptide mapping
of the 82-kDa protein. The immunoprecipitates shown in A were
excised from the gel, digested with thermolysin, and separated on
thinl-layer cellulose sheets. Electrophoresis was used in the first
dimension (+/-) and ascending chromatography in the second
dimension. Phosphopeptides were visualized by autoradiography.
Identical peptide maps were obtained for all immunoprecipitates
shown in A. (C) Limited proteolysis of in vitro phosphorylated
82-kDa protein. Neutrophil lysates were phosphorylated with puri-
fled protein kinase C, after which the 82-kDa protein was immuno-
precipitated and resolved by NaDodSO4/PAGE. 32P-labeled 82-kDa
protein was excised and subjected to limited digestion with S. aureus

V8 protease during electrophoresis. Phosphopeptides (9 and 13 kDa)
were visualized by autoradiography.

DISCUSSION
TNF-a is a key mediator of the inflammatory response. It is
released from macrophages and exerts a profound modula-
tory effect on a number of cell types, including neutrophils,
which it primes for enhanced phagocytosis, respiratory burst,
and secretion (4, 6). The precise mechanism by which TNF-a
primes neutrophils is unknown, but a clue to the underlying
pathway is provided by the observation that protein kinase C
is involved in all these processes (2, 30). Since protein kinase
C must act by phosphorylating effector substrates, we have
focused on the effects of TNF-a on protein kinase C sub-
strates in neutrophils. LPS also primes macrophages and
neutrophils for enhanced protein kinase C-dependent re-
sponses such as the secretion of arachidonic acid metabolites
and increased oxidative metabolism (5, 11). Priming of mac-
rophages with LPS is accompanied by the synthesis and
myristoylation of a specific protein kinase C substrate,
MARCKS (13).
Treatment of human neutrophils with TNF-a or LPS in-

duces the synthesis and cotranslational myristoylation of an
82-kDa protein kinase C substrate, which was identified as the
human homolog of MARCKS. Since MARCKS represents
>90% of all newly synthesized proteins induced by either
TNF-a or LPS, it is likely that this protein plays a central role
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in the altered physiology ofneutrophils promoted by these two
priming agents. The enhanced level ofMARCKS observed in
TNF-a- and LPS-primed neutrophils was paralleled by its
increased phosphorylation when the cells were stimulated
with the chemotactic peptide f-Nle-Leu-Phe or with PMA. The
phosphorylation of MARCKS (maximum within 45 sec of
f-Nle-Leu-Phe addition) occurs within the time frame of neu-
trophil responses such as cytoskeletal alteration, activation of
the respiratory burst, and exocytosis (31).

Chemotactic peptides such as f-Met-Leu-Phe have been
shown to mobilize diacylglycerol and Ca21 via a signal-
transduction pathway mediated by the receptor and a guanine
nucleotide-binding protein (reviewed in ref. 32). These two
second messengers have the capacity to activate protein
kinase C, which has, by inference, been implicated as a
transduction intermediate. A role for protein kinase C in
chemotactic peptide-dependent signal-response coupling has
also been implied by a number of pharmacologic studies (2,
3, 33). Our observation that f-Nle-Leu-Phe induces the rapid
phosphorylation of a specific protein kinase C substrate
(MARCKS) provides direct evidence for the activation of
protein kinase C following receptor agonist stimulation.

Priming of neutrophils and macrophages with TNF-a and
LPS refers to the capacity of these agents to potentiate
preexisting signaling pathways such as those leading to the
activation of the oxygen burst and to the secretion of arach-
idonic acid metabolites (5, 11, 34). In line with this,
MARCKS is phosphorylated rapidly in response to chemo-
tactic peptides and phorbol esters in unprimed neutrophils
and the levels of phsophorylated MARCKS are increased 4-
to 5-fold in TNF-a- or LPS-primed cells. Peptide mapping
revealed that MARCKS is phosphorylated on the same sites
in unprimed and in TNF-a- and LPS-primed neutrophils,
suggesting that the increased phosphorylation observed in
primed cells is due to elevated levels of the substrate. This
conclusion is supported by the observation that TNF-a and
LPS induce the synthesis of MARCKS.
The specific function of MARCKS remains obscure. It is

known to bind calmodulin and is rapidly phosphorylated
during neurosecretion, during growth factor-dependent mi-
togenesis, and during secretion and phagocytosis in macro-
phages and neutrophils (17, 23, 35, 36). All these events
require profound cytoskeletal rearrangement. For example,
disassembly of the cortical actin meshwork in neutrophils
appears to allow the secretory vesicle access to the plasma
membrane. Consistent with such a model, actin-destabilizing
agents such as cytochalasin B profoundly potentiate agonist-
dependent secretion in neutrophils (37). Data to be reported
elsewhere show that MARCKS has a role in regulating the
association of actin with the plasma membrane of macro-
phages (A.R., J. Hartwig, K. F. Keenan, A.C.N., and A.A.,
unpublished data). The highly motile neutrophil dynamically
regulates its actin cytoskeleton and is therefore an ideal
model system in which to investigate the function of
MARCKS. In addition, these studies will provide insights
into the mechanism of action ofinflammatory mediators such
as TNF-a and LPS.
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