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Lipopeptides are effective stimulators of tyrosine phosphorylation
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Synthetic lipopeptide analogues of the N-terminus of bacterial lipoprotein are effective activators of macrophages,
neutrophils and lymphocytes. We studied the effect of the lipopeptide N-palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-propyl]-
(R)-cysteinyl-(S)-seryl-(S)-lysyl-(S)-lysyl-(S)-lysyl-(S)-lysine [Pam3Cys-Ser-(Lys)4] on tyrosine phosphorylation in
dibutyryl-cyclic-AMP-differentiated HL-60 cells, using anti-phosphotyrosine antibodies. Pam3Cys-Ser-(Lys)4 concen-

tration-dependently stimulated tyrosine phosphorylation of 100/1 10 kDa and 60 kDa proteins and, to a lesser extent, of
55 kDa and 70/75 kDa proteins. Half-maximal and maximal effects were observed at concentrations of 1-6 and 5-50 ,tg/ml
respectively. The lipopeptide-induced increase in phosphorylation was rapid and transient, with a peak response after
30-60 s. The lipopeptide (2S)-2-palmitoylamino-6-palmitoyloxymethyl-7-palmitoyloxyheptanoyl-Ser-(Lys)4 [Pam3Ahh-
Ser-(Lys)4j was as potent as PaM3Cys-Ser(Lys)4, whereas (2S,6S)-2-palmitoylamino-6,7-bis(palmitoyloxy)heptanoyl-Ser-
(Lys)4 [Pam3Adh-Ser-(Lys)4] and Pam3Cys-Ser-Gly did not induce tyrosine phosphorylation. Lipopeptide-induced
tyrosine phosphorylation was not affected by treatment of cells with pertussis toxin. Neither phorbol 12-myristate 13-
acetate nor A23187 induced tyrosine phosphorylation in dibutyryl-cyclic-AMP-differentiated HL-60 cells. In HL-60
promyelocytes, Pam3Cys-Ser-(Lys)4 had no effect on tyrosine phosphorylation, whereas the lipopeptide also induced
tyrosine phosphorylation in 1,25-dihydroxyvitamin-D3-differentiated HL-60 cells and in human neutrophils. These results
show that lipopeptides are effective stimulators of tyrosine phosphorylation in mature human myeloid cells.

INTRODUCTION

Lipoprotein from the outer membrane of Gram-negative
bacteria N-terminally contains one amide-linked and two ester-
linked fatty acids attached to S-(2,3-dihydroxypropyl)-cysteine
(Braun, 1975). Synthetic lipopeptide analogues of the N-terminus
of bacterial lipoprotein are effective activators of lymphocytes
(Bessler et al., 1985), macrophages (Hauschildt et al., 1990a) and
neutrophils (Seifert et al., 1990). The synthetic lipopeptide N-
palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-propyl]-(R)-cysteinyl-
(S)-seryl-(S)-lysyl-(S)-lysyl-(S)-lysyl-(S)-lysine [Pam3Cys-Ser-
(Lys)4] induces superoxide formation and exocytosis in human
neutrophils (Seifert et al., 1990) and causes incomplete functional
differentiation of promyelocytic HL-60 cells (Seifert et al., 1991).
The molecular mechanisms by which lipopeptides induce cellular
activation are not known. Stimulation of superoxide formation
by lipopeptide and lipopeptide-induced enhancement of stimu-
lated superoxide formation in HL-60 cells was partially inhibited
by pertussis toxin, suggesting the involvement of pertussis-
toxin-sensitive G-proteins. However, in membranes of HL-60
promyelocytes and dibutyryl-cyclic-AMP-differentiated HL-60
cells, lipopeptides failed to stimulate high-affinity GTPase, the
enzymic activity ascribed to G-proteins (Seifert et al., 1991).
Neither in macrophages nor in B-lymphocytes do lipopeptides
show an effect on intracellular levels of cyclic AMP and cyclic
GMP, phosphoinositide metabolism or protein kinase C activity
(Steffens et al., 1989; Hauschildt et al., 1990b). Increase in
cytosolic Ca2" by lipopeptides has been observed in macrophages

(Hauschildt et al., 1990b), whereas lipopeptides show no effect on
cytosolic Ca2+ in promyelocytic HL-60 cells (Seifert et al., 1991).

Protein tyrosine kinase activities, first described in several
products of viral transforming genes and growth-factor receptors,
are considered to be involved in transformation and proliferation
of cells (Hunter & Cooper, 1985; Ullrich & Schlessinger, 1990).
The finding of high levels of normal cellular protein tyrosine
kinases in non-proliferating post-mitotic cells (Brugge et al.,
1985; Golden et al., 1986; Toyoshima et al., 1990) suggests that
the role of these enzymes is not restricted to transformation and
proliferation of cells. Protein tyrosine kinase activity as well as

phosphotyrosine phosphatase activity have been demonstrated
in human neutrophils and HL-60 cells (Kraft & Berkow, 1987;
Berkow et al., 1989). Recently, the cytokine, granulocyte/
monocyte colony-stimulating factor, and the chemoattractants,
N-formyl-L-methionyl-L-leucyl-L-phenylalanine (fMLP), leuko-
triene B4 and platelet-activating factor, have been shown to
stimulate tyrosine phosphorylation of several protein substrates
in rabbit and human neutrophils (Huang et al., 1988; Gomez-
Cambronero et al., 1989; Huang et al., 1990; Gomez-
Cambronero et al., 1991). In addition, studies on permeabilized
neutrophils suggest a relationship between tryrosine phosphoryl-
ation and superoxide production (Nasmith et al., 1989; Grinstein
& Furuya, 1991), indicating a functional relevance of tyrosine
phosphorylation in neutrophils. Taken together, protein tyrosine
phosphorylation may play an important role in transducing
signals of neutrophil-activating substances to the cell interior.

In this paper, we show that lipopeptides are effective stimu-

Abbreviations used: Pam3Cys, N-palmitoyl-S-[2,3-bis(palmitoyloxy)-(2-RS)-propyl]-(R)-cysteinyl; Adh, (2S,6S)-2-amino-6,7-dihydroxyheptanoyl;
Ahh, (2S)-2-amino-6-hydroxymethyl-7-hydroxyheptanoyl; Pam3Adh, (2S)-2-palmitoylamino-6,7-bis(palmitoyloxy)heptanoyl; Pam3Ahh, (2S)-2-
palmitoylamino-6-palmitoyloxymethyl-7-palmitoyloxyheptanoyl; fMLP, N-formyl-L-methionyl-L-leucyl-L-phenylalanine; G-protein, regulatory
heterotrimeric guanine-nucleotide-binding protein; PMA, phorbol 1 2-myristate 13-acetate; H-7, 1 -(5-isoquinolinesulphonyl)-2-methylpiperazine
dihydrochloride.
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Fig. 1. Tyrosine phosphorylation stimulated by Pam3Cys-Ser-(LYS)4 in

HL-60 cells differentiated with dibutyryl cyclic AMP

For this, x 106 undifferentiated (two left-hand lanes) and

dibutyryl-cyclic-AMP-differentiated HL-60 cells (two right-hand

lanes) were incubated in the absence (LP -) or presence of 50 4ug of

Pam3Cys-Ser-(LyS)4/Ml (LP + ) for mmi. Proteins were analysed as

described in the Experimental section. The autoluminogram of a

blot is shown. Numbers in the left and right margins indicate

molecular masses of standard proteins (kDa); DF, dye front.

lators of tyrosine phosphorylation in differentiated human my-

eloid cells.

EXPERIMENTAL

Materials

FMLP and phorbol 12-myristate 13-acetate (PMA) were from

Sigma (Deisenhofen, Germany). Ca21 ionophore A23 187 was

purchased from Calbiochem (Frankfurt, a. M., Germany),

genistein and 1 -(5-isoquinolinesulphonyl-2-methylpiperazine di-

hydrochloride (H-7) were from Gibco (Berlin, Germany), and

monoclonal anti-phosphotyrosine antibody PY-20 IgG 2B was

from ICN (Meckenheim, Germany). Pertussis toxin was given by
Dr. M. Yajima (Kyoto, Japan). Electrophoresis calibration

standards for molecular-mass determination were from

Pharmacia (Freiburg, Germany).

Synthesis of lipopeptides

The synthesis of the lipopeptides Pam3Cys-Ser-(LyS)4,

Pam3Cys -Ser- Gly and (2S,6S) -2- palmitoylamino -6,7-bis

(palmitoyloxy)heptanoyl-Ser-(LYS)4 [PaM3Adh-Ser-(LyS)4] were

described previously (Metzger et al., 1990, 1991). The amphiphilic

lipohexapeptide (2S)-2-palmitoylamino-6-palmitoyloxymethyl-

7-palmitoyloxyheptanoyl-Ser-(LYS)4 [PaM3Ahh-Ser-(LyS)4] was

4 8 16

Time (min)

Fig. 2. Time course of Pam3Cys-Ser-(LYS)44induced tryrosine phos-

phorylation in HL-60 cells differentiated with dibutyryl cyclic

AMP

Cells (1 x 106/tube) were incubated with 50 ,ug of Pam3Cys-Ser-

(LyS)4/Ml for the indicated time periods. Samples were processed as

described in the Experimental section. The obtained films were

quantified by laser scanning densitometry. The optical density at

zero time was arbitrarily taken as Densitometric analyses of p60

(@) and p100O/11I0 (0) are shown. Values are mean values of three

experiments varying by less than 15 The inset shows a rep-

resentative autoluminogram, with the molecular masses (kDa) on

the left margin.

obtained by coupling of Pam,3Ahh-OH (for preparation of this

diastereomerically pure lipoamino acid see Schmidt et al., 1991)

to resin-bound Ser(tBu)-[Lys(Boc)]4 (tBu = t-butyl; Boc = t
butyloxycarbonyl; for details of the synthesis of this resin-bound

pentapeptide see Metzger et al., 1991). Pam3Ahh-OH (200 mg;

0.22 mmol) was activated with NN'-dicyclohexylcarbodi-imide

(45 mg; 0.22 mmol) and -hydroxybenzotriazole (31 mg;

0.22 mmol) in chloroform/dimethylformamide (1: 1, v/v; 5 ml)

for min. This mixture was added to a reaction vessel containing
resin-bound Ser(tBu)-[Lys(Boc)]4 (0.4 g of polystyrene/ %

divinylbenzene resin with Wang linker; substitution

0.34 mmol/g). The suspension was shaken for 12 h and the

reaction mixture finally removed by filtration. The resin was

washed with dimethylformamide (3 times) and dried in vacuo.

Pam3Ahh-Ser-(LyS)4 was cleaved from the resin with trifluoro-

acetic acid and purified by repeated precipitations from acetone

at -20 'C. The lipopeptide was converted into its trihydro-
chloride as previously described for Pamn3Cys-Ser-(LyS)4 (Metzger
et al., 1991) and freeze-dried from 2-methylpropan-2-ol (yield

173 mg; 79 %). T.I.c. RF =0.46 (butan-lI-ol/acetic acid/water,
2: 1:1, by vol.); ion-spray mass spectrum: m/z 1507 [M+ H]+,
754 [M + 2H]2+.

Cell culture

HL-60 cells were grown in suspension culture in RPMI-1640

medium supplemented with (v/v) horse serum, 2 mm-

glutamine, (v/v) non-essential amino acids, 50 units of

penicillin/ml and 50 1ug of streptomycin/ml in a humidified

atmosphere with 700 CO2 at 37 'C. To induce granulocyte

differentiation, cells were seeded at a density of 106 cells/ml and

were grown for 48 h in the presence of 200 /am dibutyryl cyclic

AMP (Seifert et al., 1989a). Monocytic differentiation was

achieved by growing the cells for 120 h in the presence of 10 nmv-
1 ,25-dihydroxyvitamin D3 (Jungblut & Seifert, 1990). For
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Tyrosine phosphorylation by lipopeptides

pertussis-toxin treatment, cells were cultured in the presence of
100 ng of toxin/ml for 24 h.

Isolation of neutrophils
Human neutrophils were isolated from buffy-coat preparations

obtained from the local blood bank by dextran sedimentation
and centrifugation through Ficoll/Hypaque (Seifert et al., 1989b).

Preparation of cell lysates
Cells were harvested by centrifugation for O min at 250g.

Cells were resuspended in a buffer containing 138 mM-NaCI,
6 mM-KCI, I mM-MgCl2, I mM-CaCl2, 1 mM-Na2HPO4, 5 mM-
NaHCO3, 5.5 mM-glucose and 20 mM-Hepes, pH 7.4. About
I x 106 cells were preincubated for 3 min at 37 °C in a final
volume of 40 ,ul. Incubation was initiated by addition of stimuli.
If not stated otherwise, the reaction was stopped after I min by
adding 20jul of lysis buffer [60% (w/v) SDS, 18% (v/v) 2-
mercaptoethanol, 30%0 (v/v) glycerol, I mM-Na3VO4, and a
trace amount of Bromophenol Blue dye in 200 mM-Tris/HCI
(pH 7.5)]. Samples were immediatedly incubated for 5 min at
100 OC.

Immunoblotting
The samples were subjected to SDS/PAGE on gels containing

9 0 (w/v) acrylamide. The separated proteins were then trans-
ferred on to nitrocellulose filters at 170 mA for 15 h in a buffer
consisting of 300 mM-glycine, 40 mM-Tris/HCl (pH 8.3), 0.01 %
SDS and 20% (v/v) methanol. After blocking the filters with
3 % (w/v) ovalbumin in 10 mM-Tris/HCl (pH 8.0)/150 mM-NaCl
(TBS) for 1 h, proteins were incubated with 1 jug of monoclonal
anti-phosphotyrosine antibodies/ml for I h in TBS,
supplemented with 0.1 0% (w/v) BSA, followed by four 5min
washes in TBS containing 0.05 % (v/v) Tween 20. Filters were
then incubated with a goat anti-mouse IgG-peroxidase conjugate
(Sigma) for 1 h and subsequently washed as described above.
Bound antibodies were detected by the chemiluminescence (ECL)
Western-blotting detection system (Amersham, Braunschweig,
Germany). Phosphotyrosine-containing proteins were detected
by exposure of blots to medical X-ray films (autoluminography).
In some experiments, the autoluminograms obtained were
analysed by a laser densitometer (LKB 2202 Ultroscan).

Reproducibility
The experiments shown are representative of three or more

independently performed experiments.

(I mM) or phosphoserine (1 mM), confirming the specificity of the
antibodies used (results not shown). Addition of Pam3Cys-Ser-
(Lys)4 to undifferentiated HL-60 cells did not cause tyrosine
phosphorylation of any protein (see Fig. 1). Thus, increased
tyrosine phosphorylation was dependent on induction ofgranulo-
cytic differentiation of HL-60 cells.
The stimulation of tyrosine phosphorylation of p60 and

p1OO/ 10 was rapid and transient (Fig. 2). Enhanced phosphoryl-
ation of both proteins was clearly detectable as early as 0.5 min
after addition of the stimulus and reached a maximum after
0.5-1 min. Thereafter phosphorylation declined quickly to about
30-40 % of maximum effects and remained at this level for up
to at least 16 min. Maximal phosphorylation of p1OO/110 was
about 2-fold higher than that of p60.
The effect of Pam3Cys-Ser-(Lys)4 on tyrosine phosphorylation

of p60 and p100/110 was concentration-dependent and was
evident at concentrations as low as 0.3-1 ,ug/ml (Fig. 3). Stimu-
lation of tyrosine phosphorylation of p60 was half-maximal and
maximal at concentrations of 1 and 5 jug/ml respectively, whereas
somewhat higher concentrations were required for half-maximal
and maximal effects on p100/110 (6 and about 50 jug/ml).
We further studied the effect of various other lipopeptides on

tyrosine phosphorylation (Fig. 4). In contrast with Pam3Cys-Ser-
(Lys)4, the lipopeptides Pam3Adh-Ser-(Lys)4 and Pam3Cys-Ser-
Gly showed no effect, whereas Pam3Ahh-Ser-(Lys)4 was equally
effective as Pam3Cys-Ser-(Lys)4. Stimulation of Pam3Ahh-Ser-
(Lys)4 and Pam3Cys-Ser-(Lys)4, employed at maximally effective
concentrations, was not additive, indicating that both lipo-
peptides acted through a common mechanism (results not
shown).
The chemotactic peptide fMLP has been shown to stimulate

tyrosine phosphorylation of several proteins in neutrophils
(Huang et al., 1988; Berkow & Dodson, 1990). This effect was
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RESULTS

In HL-60 cells differentiated towards neutrophils with di-
butyryl cyclic AMP, the lipopeptide Pam3Cys-Ser-(Lys)4 mark-
edly stimulated tyrosine phosphorylation of 1OO/110 kDa and
60 kDa proteins (p1OO/ 10, p60). To a lesser extent, enhanced
phosphorylation of 70/75 kDa proteins was observed (see Fig.
1). Prolonged exposure time of the blots revealed that these
proteins contained phosphotyrosine also in the absence of stimuli
(see inset of Fig. 3). A 55 kDa protein, which showed a
considerable level of constitutive phosphorylation, was further
phosphorylated after addition of lipopeptide (see Fig. 1). In-
teractions of the antibodies -with proteins were blocked by
phosphotyrosine (1 mM) but not by either phosphothreonine

0 0.1 0..3 1 3 10 30 100

Pam3Cys-Ser-( Lys)4 (pg/mI)

Fig. 3. Concentration-dependence of Pam3Cys-Ser-(Lys)4-stimulated tyro-
sine phosphorylation in dibutyryl-cyclic-AMP-differentiated HL-60
cells

Cells (1 x 106/tube) were incubated with Pam3Cys-Ser-(Lys)4 at the
indicated final concentrations for 1 min and were analysed for
tyrosine phosphorylation as described in the Experimental section.
Autoluminograms of the blots were quantified by laser scanning
densitometry. The optical density in the absence of Pam3Cys-Ser-
(Lys)4 was arbitrarily taken as 1.0. Densitometric analyses of p60
(-) and p 1OO/ 10 (0) are shown. Values are mean values of three
experiments varying by less than 15 0%. The inset shows a rep-
resentative autoluminogram, with the molecular masses (kDa) on
the left margin.

Vol. 282

94 *

67 *

43 w
0 0.1 0.3 1 3 10 30 100

Pam3Cys-Ser-(Lys)4 (Apg/mI)

p60\

0~~~~
/-

0

/0

553

0
,-..-O

7--



S. Offermanns and others; :~~~~~~~~~~~~~~~~~~~~~~~~~~~~~. .. -: ......... .. ...
67 DwK

e| (~~~~~-m

30 ... .. .. .-

30............

1 c 2 3 c 4

Fig. 4. Stimulation of tyrosine phosphorylation by different lipopeptides in
dibutyryl-cyclic-AMP-differentiated HL-60 cells

Cells (1 x 106/tube) were incubated with different lipopeptides at
a concentration of 100 ,tg/ml for 1 min. Proteins were analysed as
described in the Experimental section. The autoluminogram of a

blot is shown. Lipopeptides used were Pam3Cys-Ser-(Lys)4 (1),

Pam3Cys-Ser-Gly (2), Pam3Ahh-Ser-(Lys)4 (3) and Pam3Adh-Ser-
(Lys)4 (4); c, control (without stimulus). Numbers on the left
represent molecular masses of marker proteins (kDa); DF, dye
front.

sensitive to pertussis toxin (Huang et al., 1988), indicating the
involvement of G-proteins which are substrates of the toxin. In
order to evaluate the role of G-proteins in the stimulation of
tyrosine phosphorylation by lipopeptides, HL-60 cells were

pretreated with pertussis toxin (Fig. 5). fMLP, which weakly
stimulated tyrosine phosphorylation of plOO/110, but not of
p60, had no effect in cells treated with pertussis toxin. In
contrast, tyrosine phosphorylation induced by Pam3Cys-Ser-
(Lys)4 was not affected by the toxin.
We also examined the role of protein kinase C and cytosolic

Ca2l in the lipopeptide-stimulated tyrosine phosphorylation,
since both have been shown to be involved in tyrosine
phosphorylation events induced by several agonists (Huang
et al., 1990; Huckle et al., 1990; Takayama et al., 1991) (Fig. 6).
Stimulation of protein kinase C by PMA (100 ng/ml) for 5 min,
as well as for 1 and 10 min (results not shown), did not change
tyrosine phosphorylation of cellular proteins. In addition, the
inhibitor of various serine and threonine kinases, H-7 (100 /iM),
did not affect lipopeptide-induced increase in tyrosine
phosphorylation (results not shown).

Incubation of cells with A23187 (10 fuM) for 5 min as well as

for I and O min (results not shown) also had no effect on

tyrosine phosphorylation. Additionally, incubation of HL-60
cells in a buffer devoid of Ca2+, but containing 0.1 mM-EGTA,
did not affect the lipopeptide-induced tyrosine phosphorylation
(results not shown).
The isoflavone compound genistein has been shown to inhibit

tyrosine kinases specifically in vitro and in intact cells (Akiyama
et al., 1987). Preincubation of cells with genistein (100 /LM for
15 min) inhibited Pam3Cys-Ser-(Lys)4-stimulated tyrosine
phosphorylation by more than 90 O/h (Fig. 7).

r-
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u g 0
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Fig. 5. Effect of pertussis toxin on fMLP- and lipopeptide-induced tyrosine
phosphorylation in dibutyryl-cyclic-AMP-differentiated HL-60 cells

For this, 1 x 106 control (PT-) and pertussis-toxin-treated cells
(PT +) were stimulated with 1 ItM-fMLP or 50 4ag of Pam3Cys-Ser-
(Lys)4/ml (LP) for 1 min and were subsequently-analysed for
phosphotyrosine content as described in the Experimental section.
Pertussis-toxin treatment was for 24 h with 100 ng of toxin/ml. An
autoluminogram of a blot is shown. Values on the left indicate
molecular masses of marker proteins (kDa); DF, dye front.

We finally studied the effect of Pam3Cys-Ser-(Lys)4 on tyrosine
phosphorylation in monocytic-differentiated HL-60 cells and in
human neutrophils (Fig. 8). In monocytic-differentiated HL-60
cells, the lipopeptide induced tyrosine phosphorylation of a

similar protein pattern to that in granulocytic-differentiated HL-
60 cells. However, stimulation by the lipopeptide was much less
pronounced. In human neutrophils, Pam3Cys-Ser-(Lys)4 weakly
stimulated tyrosine phosphorylation of 110 and 62 kDa proteins.
Proteins of 70/75 kDa, which showed substantial constitutive
phosphorylation, were additionally phosphorylated by the lipo-
peptide.

DISCUSSION

In this paper, we show that lipopeptides increase tyrosine
phosphorylation of several proteins in granulocytic-differentiated
HL-60 cells. Stimulated tyrosine phosphorylation was mainly
found in 60 kDa and 100/1 10 kDa bands (see Fig. 1). Depending
on the individual gel, some experiments revealed that the
100/110 kDa band actually represented at least two proteins.
Whether they represented distinct proteins or one protein with
different covalent modifications is at present unknown. The fact
that the 100/110 kDa proteins, but not the 60 kDa protein, were

also phosphorylated in response to fMLP (see Fig. 5) suggests
that plOO/110 play a role in cellular signalling of different
mediators.
The potency of lipopeptides to induce tyrosine phosphoryl-

ation in HL-60 cells resembles that to activate lymphocytes,
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Fig. 6. Effects of PMA and A23187 on tyrosine phosphorylation in HL-60
cells differentiated with dibutryl cyclic AMP

Cells (1 x 106/tube) were incubated for the indicated time periods (I
or 5 min) with 10 Itm-fMLP, 50 ,ug of PaM3CyS-Ser-(LyS)4/M1 (LP),
100 ng of PMA/ml or 10 /Lm-A23 187. Samples were processed as
described in the Experimental section. The autoluminogram of a
blot is shown. Numbers on the left indicate molecular masses of
marker proteins (kDa); DF, dye front.
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Fig. 7. Influence of genistein on lipopeptide-induced tyrosine phosphoryl-
ation in dibutyryl-cyclic-AMP-differentiated HL-60 cells

Cells (I x 106/cell) were preincubated for 15 mmn in the absence
(Gen. -) or presence of 100 /tm-genistein (Gen. +) and were then
incubated for 1 min with 50,ug of PaM3Cys-Ser-(LyS)4/Ml (LP +) or
vehicle (LP -). Proteins were analysed as described in the Ex-
perimental section. The autoluminogram of a blot is shown, with the
molecular masses of marker proteins on the left; DF, dye front.

macrophages and neutrophils (Bessler et al., 1985; Hoffmann
et al., 1989; Hauschildt et a!., 1990c; Seifert et al., 1990). Stim-
ulated tyrosine phosphorylation was detectable after a lag time of
less than 30 s and quickly reached maximal value (see Fig. 2). A
longer lag time (> 1 min) was observed for lipopeptide-induced
superoxide formation in neutrophils (Seifert et al., 1990). Thus
tyrosine phosphorylation is an early response to lipopeptides and
may precede activation of various cell functions.

In order to exclude that lipopeptides acted in an unspecific
manner, we compared the effects of various lipopeptides differing
in the lipid moiety and in the peptide chain (see Fig. 4). In
contrast with Pam3Cys-Ser-(LyS)4, PaM3Cys-Ser-Gly, which
lacks the four positively charged amino groups of the lysyl
residues, had no effect on phosphotyrosine levels. Replacement
of the sulphur atom in Pam3Cys-Ser-(LyS)4 by a methylene group
led to a loss of activity. However, both analogues, PaM3Cys-Ser-
(Lys), and Pam,3Adh-Ser-(Lys),, had shown comparable
stimulating effects in the proliferation test of splenic cells in vitro
(Metzger et al., 1991). Interestingly, PaM3Ahh-Ser-(LyS)4, an

analogue of Pam3Adh-Ser-(LyS)4 with a further methylene group
between the 6-palmitoyloxy residue and the asymmetric carbon
atom C-6, displayed pronounced activity. Presumably Pa3Ahh
requires more space when incorporated into the cell membrane
than a3Adh. These biophysical diffences may~eresponsible
for the observed differences in biological activity. These data
indicate that both the positively charged amino acids of the
peptide chain and the structure of the lipid moiety are necessary
for stimulation of tyrosine phosphorylation by lipopeptides.

The finding that Pam3Cys-Ser-(Lys), had no effect on tyrosine
phosphorylation in promyelocytic HL-60 cells raises the question
of which changes occur during granulocytic differentiation to
permit lipopeptide-induced phosphorylation. One attractive
possibility is that stimulation by lipopeptides depends on the
expression of specific protein tyrosine kinases. Several reports
show that granulocytic differentiation of HL-60 cells is ac-
companied by increased expression of the lhck, c-fgr and c-fes
gene products (Quintrell et al., 1987; Smithgall et a!., 1988;
Notario et a!., 1989; Katagiri et a!., 1991), all of which are
protein tyrosine kinases.
Whether lipopeptide-stimulated tyrosine phosphorylation is

due to increased protein kinase activity or to a decrease in
phosphotyrosine phosphatase activity, which are both present in
HL-60 cells (Kraft & Berkow, 1987), remains to be determined.
Sensitivity of the lipopeptide effect to the protein tyrosine kinase
inhibi-tor genistein (see Fig. 7) does not rule out an influence of
lipopeptides on phosphotyrosine phosphatases, since protein
tyrosine kinase activity may be necessary for basal phosphoryl-
ation levels which may actually be regulated by specific
phosphatases.

In addition to granulocytic differentiated HL-60 cells,
Pam.Cys-Ser-(Lys), also stimulated tyrosine phosphorylation in
monocytic-differentiated HL-60 cells as well as in human
neutrophils (see Fig. 8). Thus tyrosine phosphorylation is an
intracellular event common to various types of differentiated
human myeloid cells in response to lipopeptides. Pam,3Cys-Ser-
(LYS)4 was considerably more effective to induce tyrosine
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Fig. 8. Tyrosine phosphorylation stimulated by Pam3Cys-Ser-(LYS)4 in
different types of human myeloid cells

Different myeloid cells (1 x 106 cells/tube) were incubated in the
absence (LP-) and presence of 100 4g of Pam3Cys-Ser-(LyS)4/Ml
(LP +) for 1 min, and proteins were analysed for phosphotyrosine
content as described in the Experimental section. An autolumiogram
of a blot is shown. Cells used were dibutyryl-cyclic-AMP-
differentiated HL-60 cells (1), undifferentiated HL-60 cells (2), 1,25-
dihydroxyvitamin-D3 dfeenitdHL-60 cells (3) and human
neutrophils (4). Values on the left and right indicate molecular
masses of marker proteins (kDa); DF, dye front.

phosphorylation in granulocytic-differentiated HL-60 cells than
in monocytic-differentiated HL-60 cells and neutrophils. The
reason for this difference is not known, but it may point to
granulocytic-differentiated HL-60 cells as a suitable system for
studies on lipopeptide-induced cellular activation.

Identification of a lipopeptide-binding protein in mouse spleen
B-lymphocytes (Biesert et at., 1987) may lead to the speculation
that lipopeptide-induced tyrosine phosphorylation in HL-60 cells
is also mediated by a specific binding protein. Studies carried out
by electron-energy-loss spectroscopy (Wolf et at., 1988) indicate
that lipopeptides can quickly enter the cell, raising the possibility
that lipopeptides exert their effects independently of a plasma-
membrane receptor.

Recent studies using non-hydrolysable analogues of GTP
(Nasmith et at., 1989; Grinstein & Furuya, 1991) or pertussis
toxin (Huang et at., 1988; Gomez-Cambronero et at., 1991)
point to an involvement of G-proteins in some stimulations of
tyrosine phosphorylation in neutrophils. In contrast with fMLP,
lipopeptide-stimulated tyrosine phosphorylation in dibutyryl-
cyclic-AMP-differentiated HL-60 cells was not affected by per-
tussis toxin (see Fig. 5), indicating that both substances exerted
their effects by different mechanisms. If G-proteins are involved
in lipopeptide-induced tyrosine phosphorylation, involvement
may be restricted to pertussis-toxin-insensitive G-proteins or
may be based on direct interaction of lipopeptides with
G-proteins, a mechanism which could by-pass pertussis-toxin
modification of G-proteins.

In some cases, activation of protein kinase C or elevation of
cytosolic Ca21 seems to be involved in the stimulation of tyrosine
phosphorylation by neutrophil-activating agents (Huang et at.,
1990; Berkow & Dodson, 1990). Since an increase in cytosolic
Ca21 after addition of lipopeptide was observed in macrophages
(Hauschildt et at., 1990b), we examined the role of elevated

cytosolic Ca"~and additionally of activated protein kinase C in
stimulation of tyrosine phosphorylation (see Fig. 6). Our results
indicate that neither protein kinase C nor levels of cytosolic Ca"~
are involved in the lipopeptide-induced tyrosine phosphorylation.

Although the mechanisms by which cells respond to lipo-
peptides are as yet not understood, our findings clearly show that
protein tyrosine phosphorylation is an early intracellular event
effectively induced by lipopeptides in differentiated HL-60 cells.
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