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The role of protein kinase C (PKC) isoenzymes in the regulation of cell
functions is largely unknown. We studied the effects of 2-(lH-indol-3-y1)-3-
[1-(3-dimethyTaminopropyl)-1H-indo1-3-y1]-maleinimide (GO 6850), a selective
inhibitor of c- and n-PKC isoenzymes, and 12-{2-cyanoethyl)-6,7,12,13-te-
trahydro-13-methyl-5-oxo0-5H-indolo[2,3-a]lpyrrolo[3,4-c]-carbazole (Go6 6976),
an inhibitor of c¢-PKC isoenzymes, on various human neutrophil functions. G&
6850 inhibited 43-phorbol 12-myristate 13-acetate (PMA)-, 1,2-dicaprylyl-
glycerol- and chemotactic peptide-induced superoxide anion formation with
half-maximal effects at 100 nM, 240 nM and 850 nM, respectively. G6 6850 re-
verted PMA-mediated inhibition of chemotactic peptide-induced rises in cyto-
solic Ca?* concentration with a half-maximal effect at 480 nM. Go 6850 (1 pM)
inhibited PMA-induced lysozyme release by 55%. Go 6976 had no effect on the
parameters studied. Our data suggest the following: (1) n- Rather than c-PKC
isoenzymes are involved in the regulation of various human neutrophil func-
tions. (2) Different n-PKC isoenzymes may mediate activation of NADPH oxidase
by various stimuli. (3) Different n-PKC isoenzymes may be involved in the me-
diation of the effects of PMA on various cell functions. o 1994 academic Press, Inc.

Numerous intercellular signal molecules induce activation of phospho-
lipase C which catalyzes the degradation of phosphatidylinositol-4,5-bisphos-
phate to DG and 1,4,5-trisphosphate [for review see Ref. 1]. DG activates PKC
which plays an inportant role in mediation of the effects of intercellular
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ABBREVIATIONS:

[Ca?*]., cytosolic Ca’?* concentration; DCG, 1,2-dicaprylylglycerol; DG, 1,2-
diacylglycerol; DMSO, dimethyl sulfoxide; FMLP, AN-formyl-L-methionyl-(-
leucyl-L-phenylalanine; Goé 6850, 2-(1H-indo1-3-y1)-3-[1-(3-dimethylaminopro-
pyl)-1H-indol-3-y1]-maleinimide; G& 6976, 12-(2-cyanoethyl)-6,7,12,13-te-
trahydro-13-methy1-5-oxo-5H-indolo[2,3-a]pyrrolo[3,4-c{-carbazo]e; IC,. con-
centration of a substance causing 50% of maximal inhibition; 0,”, superoxide
anion; PMA, 4@-phorbol 12-myristate 13-acetate; PKC, protein kinase C.
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signal molecules [for review see Refs. 2 and 3]. The tumor promotor, PMA, is
also a PKC activator [4].

PKC is not a single enzyme but a superfamily of three isoenzyme fami-
lies with several members each [2-4]. c-PKC isoenzymes (o, 81, B2 and 4) are
Ca2+-dependent and are activated by DG and PMA. n-PKC isoenzymes (4§, =, n and
) are Ca2+-independent but activated by DG and PMA. a-PKC isoenzymes (X\ and
() are Ca2+-independent and are not activated by DG and PMA.

Little is known about the role of PKC isoenzymes in the regulation of
cell functions [2-4]. One of the reasons for this paucity of knowledge has
been the non-availability of isoenzyme-specific PKC inhibitors [for review
see Ref. 5]. Recently, PKC inhibitors with some selectivity for PKC isoen-
zymes have been developed. The bisindolylmaleinimide, G& 6850 (also referred
to as GF 109203X [7]), inhibits recombinant PKC isoenzymes « and 81 with ICgq
values of 8.4 nM and 18 nM, respectively, and PKC isoenzymes & and = are in-
hibited with ICgy values of 210 nM and 132 nM, respectively [6]. The ICg, of
Go 6850 for recombinant PKC isoenzyme ( is 5.8 yM [6]. The indolocarbazole, Gb
6976, inhibits recombinant PKC isoenzymes o and 31 with ICgy values of 2.3 nM
and 6.2 nM, respectively, but it does not inhibit PKC isoenzymes &, = and (
[6]. Thus, GO 6850 and G6 6976 could provide valuable tools to analyze the
specific roles of c- and n-PKC isoenzymes in the regulation of cell func-
tions.

Human neutrophils possess c- and n-PKC isoenzymes [8]}. In these cells,
PKC stimulation may lead to activation of NADPH oxidase-catalyzed 0" forma-
tion and lysozyme release from specific granules and inhibition of chemotac-
tic peptide-induced rises in [Ca2+]i {9-11]. The role of c- and n-PKC isoen-
zymes in these functions is poorly defined. Therefore, we studied the effects
of G& 6850 and G& 6976 on human neutrophil activation. Here, we present evi-
dence in forward the notion that n- rather than c-PKC isoenzymes are involved
the regulation of various neutrophil functions.

MATERIALS AND METHODS

Gd 6850 and Gé 6976 were kindly provided by Godecke AG (Freiburg, Br.,
Germany). Stock solutions of Go 6850 and Go 6976 (1 mM each) were prepared in
DMSO and stored at -20 °C. Dilutions of G6 6850 and G 6976 were prepared in
distilled water fresh daily. DCG was obtained from Sigma Chemie (Deisenhofen,
Germany). Sources of other materials have been described elsewhere [12-14].

Neutrophils were isolated from fresh blood of healthy volunteers [13].
Cell preparations consisted of more than 95% viable neutrophils as revealed
by trypan blue dye exclusion. HL-60 cells were cultured and differentiated
with DMSO as described [12]. HL-60 membranes and HL-60 cytosol were prepared
according to Seifert and Schultz [12].

0,7 formation in intact cells was monitored at 550 nm by continuous
measurement of ferricytochrome C reduction inhibitable by superoxide dismu-
tase, using an Uvikon 810 dual beam spectrophotometer (Kontron, Eching, Ger-
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many) [13]. Reaction mixtures (0.5 ml) contained 100 ;M ferricytochrome C and
a buffer consisting of (mM) 138 NaCl, 6 kC1, 1 MgCl,, 1 CaCl,, 5.5 glucose and
20 Hepes/NaOH, pH 7.4. Neutrophils (1.0 x 10° cel]sicuvette) were suspended in
the solution described above and were incubated for 3 min in the presence of
various substances at 37 °C before the addition of stimuli. In case of stimu-
lation with FMLP, cytochalasin B (1 pg/ml) was added to cells 3 min before
the chemotactic peptide.

0,” formation in a cell-free system was monitored by continuous measure-
ment o# ferricytochrome C reduction inhibitable by superoxide dismutase [12].
Reaction mixtures (0.5 ml) contained 50 pug of membrane protein and 150 ug of
cytosalic protein of HL-60 cells, 10 uM FAD, 500 uM NADPH, 100 pM ferri-
cytochrome C, 2 mM MgClZ, 20 mM KH2P04, 40 mM KCT and 20 mM
triethanolamine/HC1, pH 7.4. Reaction mixtures were incubated for 2 min at 25
°C in the absence or presence of Go 6850. 0, formation was initiated by the
addition of arachidonic acid (200 pM).

[Caz"]i was determined as described [14]. Briefly, neutrophils were sus-
pended at 5 x 10° cells/ml in a buffer consisting of (mM) 138 NaCl, 6 KC1, 1
Mgs0,, 1.1 CaCl,, 0.1 EGTA, 1 NaHPO,, 5 NaHCO,, 5.5 glucose, and 20 He-
pes/ﬁaOH, pH 7.5, supplemented with 0.1% (w/v) bovine serum albumin. Cells
were incubated for 1 h at 37 °C in the presence of Fura-Z acetoxymethylester
(4 yM). Subsequently, cells were diluted with the above buffer to a concen-
tration of 0.5 x 10° cells/ml and were centrifuged at 250 x g for 10 min at
20°C. Cells were suspended at 2.0 x 10% cells/ml in the above buffer and were
kegt at 20 °C until measurement of [Ca”]i. Fluorescence of neutrophils (1.0 x
10° cells/ml) was determined at 37 °C using a Ratio II spectrofluorometer
{Aminco, Silver Spring, MD, USA). Cells were incubated for & min in the pres-
ence of various substances before the addition of FMLP. Excitation and emis-
sion wavelengths were 340 nm and 500 nm, respectively.

The release of lysozyme from human neutrophils was determined according
to Seifert et al. [13]. Neutrophils (5 x 10° cells in 0.5 ml) were incubated
for 5 min in the presence of cytochalasin B (1 ;g/ml) and various substances
in the buffer used for determination of 0,” formation in intact cells. At 10
min after addition of solvent (basal release}) or PMA, tubes were cooled to 4
°C and were centrifuged for 10 min at 250 x g. Determination of the activi-
ties of lysozyme and lactate dehydrogenase in the supernatant fluids of reac-
tion mixtures and cell lysates was performed as described [13].

RESULTS

The effects of G6 6850 and G& 6976 on human neutrophil 0, formation
activated by various stimuli at maximally effective concentrations are sum-
marized in Fig. 1. GO 6850 inhibited PMA-induced 0, formation with an ICg
of 100 nM and a maximum at 500 nM. With respect to 0, formation induced by
the cell-permeant DG, DCG, the ICgy of G 6850 amounted to 240 nM, and its
inhibitory effect was complete at 3 pM. G6 6850 inhibited 0,” formation in-
duced by the chemotactic peptide, FMLP, with an ICgy of 850 nM and a maximum
at 3 uM. G6 6976 did not inhibit or only marginally reduce 0, formation, re-
gardless of whether stimuli were employed at maximally effective concentra-
tions (see Fig. 1) or at submaximally effective concentrations (data not
shown). In a cell-free system consisting of membranes and cytosol of HL-60
cells and arachidonic acid, G6 6850 up to 3 yM did not inhibit 0, formation
(data not shown), indicating that the substance did not act as radical sca-
venger or direct inhibitor of NADPH oxidase.
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Fig. 1. Effects of Gb 6850 and G& 6976 on 0, formation in human neutrophils.
02‘ formation was determined as described in "Materials and Methods".
- formation was activated by PMA (100 nM) (A), DCG (100 pM) (B) or
FﬁL (1 M) plus cytochalasin B (1 pg/mi) (C). Under control condi-
tions, PMA, DCG and FMLP plus cytochalasin B 1nduced the formation of
10.5 = 0 5, 8.6 + 0.9 and 6.6 + 0.5 nmol of 0,7/10% cells/min (means ¢
SD, n = 3-6), respectively. 66 6850 ( @) and G0 6976 (B ) were add-
ed to cells at the indicated concentrations 3 min before stimuli.
Data shown are referred to 0,” formation under contrel conditions and
are the means of 3-6 exper1ments performed with neutrophils from dif-
ferent donors. The SD values were generally < 10% of the means.

Time courses of FMLP-induced rises in [Ca2+]i are shown in Fig. 2. Un-
der control conditions, FMLP induced a rapid increase in [C32+]1 which, after
an initial peak, declined to a plateau above basal values. Pretreatment with
PMA (100 nM) abolished the stimulatory effect of FMLP (3 nM) on [Ca®*];. Go
6850 and G 6976 per se had no effect on FMLP-induced rises in [Ca2+]i, but
Go 6850 (1 uM) reverted the inhibitory effect of PMA on this parameter. The
reverting effect of G6 6850 on PMA-mediated inhibition of FMLP-induced rises
in [Ca2+]i was half-maximal at 480 nM (Fig. 3). By contrast to G& 6850, G&
6976 (1 uM) did not revert the inhibitory effect of PMA (see Fig. 2). The ef-
fect of G6 6976 at higher concentrations on [Caz*]i could not be studied due
to strong autofluorescence of the substance (data not shown).

The effects of Gé 6850 and GO 6976 on enzyme release in neutrophils
were also studied. G6 6850 and G6 6976 per se did not stimulate lysozyme re-
lease (Table 1) and lactate dehydrogenease release (data not shown), indi-
cating that they were not cytotoxic at the concentrations applied. PMA at a
maximally effective concentration increased lysozyme release by 30% of the
cellular content (see Table 1). G6 6850 (1 ;M) reduced this stimulatory ef-
fect of PMA by 55%, whereas G& 6976 (1 yM) had no inhibitory effect.
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Fig. 2. Effects of PMA, GO 6850 and 66 6976 on FMLP-induced rises in [Caz‘]i
in human neutrophils. [Caz*]i was determined as described in
"Materials and Methods". Arrows indicate the addition of DMSO (0.1%,
v/v), PMA (100 nM), G& 6850 (1 M), GO 6976 (1 ;M) and FMLP (3 nM),
respectively. Original fluorescence tracings are shown. Similar re-
sults were obtained in three experiments performed with neutrophils
from different donors.

DISCUSSION

Go 6850, an inhibitor of c- and n-PKC isoenzymes [6], effectively in-
hibits 0, formation induced by various stimuli and PMA-induced lysozyme re-
lease and reverts PMA-mediated inhibition of FMLP-induced rises in [Ca2+]i in
human neutrophils. By contrast, G& 6976, a selective inhibitor of c- but not
of n-PKC isoenzymes [6], showed no or almost no effect in neutrophils. The
lack of effectiveness of G6 6976 is unlikely due to poor penetration of the
substance through the plasma membrane as it is highly lipophilic [6]. In ad-
dition, the concentrations of G& 6976 employed in our present experiments
were up to 1300-fold higher than those required for half-maximal inhibition
of c-PKC isoenzymes in vitro [6]. Moreover, Go 6976, at concentrations simi-
lar to those employed by us, showed substantial inhibitory effects in various
bone marvow-derived cell types [15, 16]. Furthermore, G& 6850 is also very
tipophilic [7], but its potency to inhibit 0, formation and to revert the
inhibitory effect of PMA on [Ca2+]i is 5- to 100-fold tower than the one to

1540



Vol. 200, No. 3, 1994 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

100 *—o-9

reversion of PMA-mediated inhibition of
FMLP-induced rises in [Ca?+]; (%)
[4.)
=]
1

04 &—@

1

T T T
8 7 6

Gb 6850 (-log M)

O —

Fig. 3. Reversjon by GO 6850 of PMA-mediated inhibition of FMLP-induced rises
in [Ca”]i in human neutrophils: Concentration/response for G& 6850.
[Caz']i was determined as described in "Materials and Methods". The
order of addition of DMSO (0.1%, v/v), Go 6850 at various concentra-
tions, PMA (100 nM) and FMLP (3 nM) was performed as shown in Fig. 2.
Under control conditions (two-fold addition of DMSO), FMLP increased
[CaZ*]. by 199 + 21 nM (means + SD, n = 3) (100%). In the presence of
PMA, FMLP did not induce a rise in [Ca?]. (0%). The reverting effect
of G5 6850 on PMA-mediated inhibition of FMLP-induced rises in [Caz‘]i
is referred to these values. Data shown are the means of three ex-
periments performed with neutrophils from different donors. The SD
values were generally < 10% of the means.

inhibit recombinant PKC iscenzymes « and 31 in vitro (see Figs. 1 and 3) [6].
Taken together, our data suggest that n- rather than c-PKC isoenzymes are in-
volved in the activation of NADPH oxidase and specific granule release and

Table 1: Effects of G& 6850 and Gé 6976 on lysozyme release in
human neutrophils

Addition lysozyme release (% of cellular content)
Basal PMA (100 nM)

DMSO (0.1%, v/v) 9.5+ 0.4 39.9 + 2.7

Go 6850 (1 ;M) 9.6 £ 0.7 24.3 + 2.3

Go 6976 (1 M) 8.5+1.8 39.5 + 2.4

Lysozyme release was determined as described in "Materials and Methods". G&
6850, Go 6976 or DMSO were added to cells 5 min before solvent (basal re-
Jease) or PMA. Data shown are the means t SD of assay quadruplicates of a rep-
resentative experiment. Similar results were obtained in three experiments
with neutrophils from different donors.
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PMA-mediated inhibition of FMLP-induced rises in [Ca2+]i in human neutro-
phils. In agreement with our suggestion, Sharma et al. [17] reported that n-
PKC isoenzymes are capable of activating 0, formation in a cell-free system
derived from murine macrophages. Future studies will have to be performed to
answer the question what the function of ¢-PKC isoenzymes in human
neutrophils may be.

Go 6850 differentially inhibited PMA- and DCG-induced 0, formation (see
Fig. 1). Differences in the regulation of DG- and PMA-mediated activation of
02’ formation have also been cobserved by other authors [18, 19]. These find-
ings may indicate that different n-PKC isoenzymes are involved in mediation
of PMA- and DG-induced NADPH oxidase activation. Interestingly, the ICgg
value of G6 6850 for PMA-induced 0, formation is similar to the one for PKC
isoenzyme = in vitro (see Fig. 1) [6]. With respect to DCG-induced 0, forma-
tion, the ICgy of GO 6850 is similar to the one for PKC isoenzyme & in vitro
(see Fig. 1) [6]. Thus, PKC isoenzymes = and & may mediate PMA- and DCG-in-
duced 0, formation, respectively, but further work is required to substan-
tiate this hypothesis.

The potency of G& 6850 to inhibit FMLP-induced 0, formation and to re-
vert PMA-mediated inhibition of FMLP-induced rises in [Ca2+]i is lower than
the one to inhibit PMA- and DCG-induced 0, formation and PKC isoenzymes 6 and
€ in vitro (see Figs. 1 and 2) [6]. Moreover, GO 6850 at a concentration as
high as 1 ;M only partially inhibited the stimulatory effect of PMA on lyso-
zyme release in neutrophils (see Table 1). These findings suggest that n-PKC
isoenzymes distinct from PKC isoenzymes & and - are involved in FMLP-induced
activation of NADPH oxidase, PMA-induced specific granule release and PMA-me-
diated inhibition of FMLP-induced rises in [Ca2+]i. However, the ICgq values
of G6 6850 for the other n-PKC isoenzymes have not yet been determined.

With respect to FMLP-induced 0, formation, we cannot exclude the possi-
bility that an a-PKC isoenzyme is involved in NADPH oxidase activation. This
PKC isoenzyme, however, should be distinct from PKC isoenzyme (, as the ICgq
of GO 6850 for FMLP-induced 0, formation is about 7-fold lower than for re-
combinant PKC isoenzyme ( in vitro (see Fig. 1) [6].

In conclusion, n- rather than c-PKC isoenzymes may be involved in the
regulation of various neutrophil functions. Different n-PKC isoenzymes may
mediate activation of NADPH oxidase by various stimuli, and different n-PKC
isoenzymes may be involved in the mediation of the effects of PMA on various
cell functions. Finally, our data show that G6 6850 and G6 6976 are valuable
experimental tools to analyze the role of c- and n-PKC isoenzymes in the re-
gulation of cell functions.
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