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ABSTRACT

To evaluate the role of protein kinase C in the cellular maturation
processes induced by phorbol diesters, we examined the biochemical
activity of protein kinase C from 111.-205, a cell variant from the human
promyelocytic HL-60 leukemia that is susceptible to differentiation in
duced by phorbol 12-myristate 13-acetate, and from III,-525, an HL-60
variant that is resistant to such an induction. The activities of protein
kinase C from the two cell types differed in their requirements for the
cofactors Ca2*and lipids. These enzyme activities also differed in their

abilities to phosphorylate protamine and a series of four oligopeptides.
We suggest that the differences in vitro in the activities of protein kinase
C between HL-205 and III,-525 cells, especially in their substrate
specificity, are closely related to the different phosphorylation patterns
induced in vivo by phorbol 12-myristate 13-acetate in these cells. We
also suggest that these differences may be responsible for the different
susceptibilities of the two cell types to maturation induced by phorbol
diesters.

INTRODUCTION

Phorbol diesters elicit their biological activity by binding to
a high-affinity cellular receptor (1-4). A number of studies have
demonstrated that this receptor is a calcium- and phospholipid-
dependent protein kinase, protein kinase C (5-8). The binding
of the phorbol diesters to this receptor activates protein kinase
C, resulting in the phosphorylation of different cellular proteins
(9-12), some of which may be responsible for initiating the
biological activities attributed to these agents.

One property of the phorbol diesters is their ability to induce
differentiation in a variety of cell types (13-19). In the human
promyelocytic HL-60 leukemia cells (20), nanomolar levels of
these agents can cause the cells to acquire a mature phenotype
resembling that of monocytes/macrophages (15, 21, 22). This
characteristic makes the HL-60 cells useful for studying the
induction of cell maturation by phorbol diesters and analyzing
the role of specific protein phosphorylations in this event.

Recently, from the HL-60 cell line we isolated clones of cells
that differ in their susceptibility to maturation induced by
PMA3, a phorbol diester prototype (23, 24). The cell clones

(variants) that are resistant to induction of cell differentiation
by the phorbol diesters are unable, after PMA treatment, to
translocate the protein kinase C from the cytosol to the mem
brane fraction of the treated cells (23). These results suggest
that the differences in the susceptibility of the HL-60 cell
variants to PMA-induced maturation may result from an altered
pattern of protein phosphorylation caused by the protein kinase
C from the resistant cells.

To substantiate this possibility, we analyzed the patterns of
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protein phosphorylation induced by PMA and characterized
the behavior of protein kinase C activities from both cell types.

MATERIALS AND METHODS

Chemicals and Reagents. [7-"P]ATP (4000 Ci/mmol; 1 Ci = 37
GBq) and carrier-free H3[32P]O4were purchased from ICN Radiochem-

icals, Inc. (Covina, CA). Phosphatidylserine, diolein, ATP, histone type
III-S, casein, protamine chloride, EDTA, EGTA, phenylmethylsulfonyl
fluoride, and dithiothreitol were purchased from Sigma Chemical Co.
(St. Louis, MO). PMA was purchased from Chemicals for Cancer
Research (Eden Prairie, MN), and PDBu and [3H]PDBu were pur

chased from Life System (Newton, MA). Synthetic oligopeptides were
kindly supplied by S. Schmidt, Abbott Laboratories (Chicago, IL).
Glass-fiber filters (GF/C) and DE52-cellulose were from Whatman. H-
7 was from Seikagaku America, Inc. (St. Petersburg, FL).

Cells and Culture Conditions. The differentiation-susceptible clone
(variant) HL-20S (23, 24) was isolated from the human leukemia HL-
60 cells originally provided by R. C. Gallo (National Cancer Institute,
Bethesda, MD). HL-60 cells designated HL-525 were obtained by
cloning HL-60 cells that had been subcultured 102 times in the presence
of increasing concentrations (up to 3 ^M) of PMA at 5- to 8-day
intervals (23, 24). Cell variants used in previous studies (3, 12, 21, 23,
25, 26) were obtained from the same HL-60 cells, but after fewer
subcultures in the presence of PMA and without cell cloning. The III,
205 and HL-525 cell variants exhibited stable phenotypes in regard to
their susceptibility or resistance to induction of cell differentiation by
PMA for at least 50-60 subcultures (200-300 cell generations). Prior
to their use in the experiment, the HL-525 cells were subcultured more
than 20 times in the absence of PMA.

Cells were inoculated into 100-nun tissue culture dishes from Falcon
Plastics (Oxnard, CA) at 1.5 x 10* cells/ml of RPMI 1640 medium

supplemented with 20% fetal bovine serum, penicillin (100 units/ml),
and streptomycin (100 Â¿ig/ml)from Grand Island Biological Co. (Grand
Island, NY) and were incubated at 37"C in an atmosphere of 8% CO2

in air in a humidified incubator.
Two-Dimensional Gel Electrophoresis. Cells were incubated in a flat-

bottomed multiwell plate at 105/ml with Hj[32P]O4for l h in 20 mM 4-
(2-hydroxyethyl)-l-piperazineethanesulfonic acid-buffered (pH 7.2)
RPMI 1640 medium supplemented with 10% fetal bovine serum and
treated for 10 min with or without 16 /IM PMA. The reaction was
terminated by adding ice cold phosphate-buffered saline, and cells were
washed with phosphate-buffered saline three times. The cells were
harvested and the proteins were solubilized in an isoelectrofocusing
sample solution containing 9 M urea, 4% Nonidet P-40, 2% mercap-
toethanol, and 2% ampholytes (pH 9-11; LKB Bromma, Sweden) at a
final pH of 9.5. Two-dimensional electrophoresis was performed with
the 7- x 7-in. ISO-Dalt system (27, 28) with a 1:1 mixture of BioLyte
pH 3-10 and 5-7 (Bio-Rad Laboratories, Richmond, CA) and Servalyte
(Serva Feinbiochemica, Heidelberg, West Germany) used as ampholyte.
The gels were then dried and autoradiographed on Kodak XAR-2 film.

Enzyme Preparation. HL-205 and HL-525 cells (approximately 2 g
wet weight) were ruptured with a Dounce homogenizer in 15 ml of 0.25
Msucrose, 20 mM Tris-HCl, pH 7.4,2 HIMdithiothreitol, 2 mM EDTA,
0.5 mM EGTA, and 0.1 mM phenylmethylsulfonyl fluoride. The ho-
mogenate was centrifuged at 105,000 x g for 60 min and the superna
tant, in which more than 90% of the protein kinase C activities was
recovered, was applied onto a D li 52 column (1.5 x 10 cm) equilibrated
with buffer A containing 20 mM Tris-HCl, pH 7.4, 2 mM dithiothreitol,
2 mM EDTA, 0.5 mM EGTA, and 0.1 mM phenylmethylsulfonyl
fluoride. After the column was washed with 100 ml of buffer A, a 0-
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0.5 M gradient of NaCl was applied in a total of 1SO ml, and 2.0-ml
fractions were collected. Protein kinase C activity was detected as a
single peak in the 0.09 M NaCl fraction and the peak fraction with the
highest protein kinase C activity was used as the enzyme source in the
study. These NaCl fractions from the HL-205 and HL-525 cell super-
natants yielded protein kinase C activities of 52 and 46 nmol phospho-
rylated residues/min/mg histone III-S (IS- and 19-fold purification),
respectively. The enzyme concentration in each of these fractions was
then adjusted to yield 1 nmol phosphorylated residues/min/ml, and 10
n\ of these solutions (containing 0.19 and 0.21 /Â¿gof protein, respec
tively) were used for each enzyme assay. These enzyme preparations
were stable for 1 month when kept below â€”80Â°C.Different enzyme

preparations from the same cell type yielded similar and reproducible
results. AH procedures were carried out at 0-4Â°C.

Phorbol 12,13-Dibutyrate Binding Assay. PDBu-binding to cellular
receptors was assayed by a fiber glass filtration method (29). The
reaction mixture, containing 25 HIMTris-HCl buffer (pH 7.3), 10 IHM
magnesium acetate, 1.4 mM CaClz, 4 mg of bovine serum albumin/ml,
100 /tg of phosphatidylserine/ml, 20 IIM[3H]PDBu (with or without 3

/Â¿MPMA), and 40 n\ of enzyme preparation in a total volume of 440
n\, was incubated for 2 h on ice. Bound [3H]PDBu was separated from
free [3H]PDBu by the addition of 1 ml of 20 IHMTris-HCl, pH 7.5/10

mM magnesium acetate/1 mM CaCl2 and passage of the mixture
through a Whatman GF/C glass filter. The filters were washed with
the buffer and assayed for radioactivity in a Packard Tricarb 300
scintillation spectrometer. Specific binding was calculated as total
binding minus nonspecific binding observed in the presence of 3 ^M
PMA.

Enzyme Assay. Protein kinase C activity was assayed after a 5-min
incubation at 30*C of a reaction mixture containing 25 mM Tris-HCl
(pH 7.5), substrate, 5 mM MgCb, 20 Â¿IMATP, 1 /Â»Ciof [7-"P]ATP,
and 0.1 /iM phenylmethylsulfonyl fluoride, with or without phosphati-
dylserine (50 Â¿Â¿g/ml),diolein (0.5 /Â¿g/ml),and 0.5 mM CaCl2, in a total
volume of 100 /il. The concentration of the protein substrates used
(histone, casein, or profumine) was 200 ftg/ml, while that of the peptide
substrates was 1 mM. Prior to their use in the assay, the solvents for
the phosphatidylserine and diolein were evaporated under nitrogen gas
and the residues were dispersed in water by sonication. The reactions
were terminated by the addition of 1 ml of 10% (wt/vol) trichloroacetic
acid/5 mM Na2HPO4 (stopping solution), followed by 50 /Â¿Iof 1%
bovine serum albumin. Precipitates were sedimented by centrifugation,
redissolved in l M NaOH, reprecipitated with stopping solution, col
lected, and washed onto glass fiber filters for measurement of radioac
tivity in a Packard Tricarb 300 scintillation spectrometer. The protein
kinase C activity was estimated after subtracting the portion of the
activity obtained in the absence of the cofactors from that obtained in
their presence. All samples were assayed in duplicate.

RESULTS

Induction of Protein Phosphorylation after PMA Treatment.
The patterns of protein phosphorylation were analyzed with
two-dimensional gel electrophoresis in both HL-205 cells sus
ceptible to differentiation induced by PMA and HL-525 cells
resistant to such an induction. Treatment of both cell types for
only 10 min with 16 /tM PMA did not affect the phosphorylation
of the majority of the cellular proteins. PMA did, however,
increase the phosphorylation of a fraction of the proteins in
both cell types (Fig. 1). In addition to the proteins that were
similarly phosphorylated in both cell types, there were at least
eight that were phosphorylated in the HL-205 but not in HL-
525 cells (Fig. 1). These types of proteins may be associated
with the susceptibility of the HL-60 cells to PMA-induced
differentiation. Furthermore, these observed differences in pro
tein phosphorylation suggest differences in protein kinase C
activities between the HL-205 and HL-525 cells.

Ca2+ and Lipid Dependency of Protein Kinase C Activity from
HL-205 and HL-525 Cells. To determine possible differences

in the activities of protein kinase C between HL-205 and HL-
525 cells, we partially purified these enzymes from the two cell
types. The enzyme preparation for each cell type was the peak
fraction of a DE-52 column that contained the highest protein
kinase C activity. Prior to their use in the experiments, these
preparations, after being assayed with or without the standard
cofactor level of 0.5 HIM Ca2"1",50 /Â¿g/mlphosphatidylserine,

and 0.5 Â¿ig/mldiolein, were adjusted to yield a protein kinase
C activity of about 10 pmol of phosphorylated residues/min/
~0.2 fig protein for each determination.

These enzyme preparations from either the HL-205 or HL-
525 cells were initially used to determine the levels of specific
[3H]PDBu binding because protein kinase C is considered to be
the putative receptor of phorbol diesters. At 0.1-1.0 mM Ca2*,
the specific binding of [3H]PDBu in both cell preparations
increased similarly in a dose-dependent manner from about 5
fmol to only about 8.5 fmol. The apparent values of the KÂ¿for
the two cell preparations were similar with HL-205 cell prepa
ration yielding a KAof 2.5 HMand the HL-525 cell preparation
yielding a KAof 2.8 HM.The activities of protein kinase C from
both cell types also increased as a function of Ca2* concentra
tion up to 0.5 mM Ca2*. However, the enzyme activities from
the HL-205 and HL-525 cells differed at the lower Ca2+ con
centrations (Fig. 2). At 0.1 HIM Ca2*, the activity of protein
kinase C from the HL-525 cells was more than 5-fold higher
than that from the HL-205 cells (Fig. 2). At 0.2 mM Ca2*, this
difference was only 2-fold, while at 0.5 (standard level) and 1.0
mM Ca2+, little or no distinction was observed in the protein

kinase C activity between the two cell types (Fig. 2).
In addition to the differences in Ca2+ dependency, the protein

kinase C activities from the two cell types also differed in their
lipid requirements (Fig. 3). The enzyme activity from the HL-
205 cells depended less on exogenous lipids than that from the
HL-525 cells. In the presence of small amounts of lipids (e.g.,
2 /Â¿g/mlphosphatidylserine and 0.02 fig/ml diolein), the activity
of protein kinase C from the HL-205 cells was 4.3 pmol/min
while that of the resistant HL-525 cells was almost undetectable
(Fig. 3). The addition of a lipid mixture containing only 10 /Â¿g/
ml phosphatidylserine and 0.1 /Â¿g/mldiolein to the enzyme
preparation from the HL-205 cells resulted in a 2-fold increase
in protein kinase C activity. Further increases (up to 5-fold) in
the concentration of the lipid mixture (to the standard level of
50 /Â¿g/mlphosphatidylserine and 0.5 /Â¿g/mldiolein) had little
effect on the enzyme activity. The activity of protein kinase C
from the HL-525 cells depended on the dose of the tested lipid
mixtures up to doses of 50 /Â¿g/mlphosphatidylserine and 0.5
/Â¿g/mldiolein (Fig. 3).

Susceptibility of Protein Kinase C Activity from HL-205 and
HL-525 Cells to Enzyme Inhibition by 11-7. To further charac
terize the differences in the properties of protein kinase C
activities from the HL-205 and HL-525 cells, we examined
their susceptibility to H-7, which is a potent inhibitor of protein
kinases, including protein kinase C (28). The enzyme activities
from both cell types were inhibited in a concentration-depend
ent manner with H-7 concentrations of up to 200 /Â¿M,with the
enzyme preparation from the HL-205 cells exhibiting a some
what increased susceptibility to this inhibitor (Fig. 4). The K,
values for H-7 inhibition were 12 and 27 /Â¿Mfor the activity
from HL-205 and HL-525 cells, respectively.

Substrate Specificities of Protein Kinase C Activity from HL-
205 and HL-525 Cells. To further examine the characteristics
of the protein kinase C activities from the HL-205 and HL-525
cells, we compared their substrate specificities. Three proteins,
histone III-S (used in all previous experiments), casein, and
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B

0 O

Fig. 1. Two-dimensional gel electropho-
relic patterns of phosphoproteins extracted
from HL-205 and HL-525 cells. HL-205 and
HL-525 cells prelabeled with H,["P)O.. were

incubated with or without 16 pM PMA for 10
min. After the cells were washed, total cell
proteins were extracted by the electrophoretic
sample buffer. A circle surrounding protein
indicates that for that protein, phosphoryla-
tion is markedly enhanced in PMA-treated
HL-205 cells but not in similarly treated HL-
525 cells. A, HL-205 cells incubated without
PMA; B, HL-205 cells incubated with PMA;
C, HL-525 cells incubated without PMA; D,
HL-525 cells incubated with PMA.

o o

protamine as well as four serine-containing oligopeptides were

used as substrates for protein kinase C (Table 1). The results
indicate that the activities of protein kinase C from both cell
types produced similar levels of histone III S phosphorylation
and no detectable phosphorylation of casein. Protamine was
less effective than histone as a substrate for these enzymes.
However, the activity of protein kinase C from the HL-525

cells was about three times as effective as that of the enzyme
from the HL-205 cells in protamine phosphorylation.

The four oligopeptides were phosphorylated to various de
grees by the protein kinase C activity from the HL-525 cells,

whereas only two were phosphorylated by the enzyme activity
from the HL-205 cells. Furthermore, high or low levels of

oligopeptide phosphorylation by the protein kinase C activity
from the HL-205 cells were not necessarily associated with a

similar high or low level of oligopeptide phosphorylation by
the kinase from the HL-525 cells.

DISCUSSION

Phorbol diesters and related agents induce differentiation in
HL-60 and related cell types (13-19, 21, 22) after they bind to
a high-affinity and saturable receptor (1-4), which is a calcium-
and phospholipid-dependent protein kinase (protein kinase C)
(5-8). To analyze the mechanism of phorbol diester-induced
cell maturation in the HL-60 and related cell types and to define

the role of protein kinase C in this event, we used cell variants
that are either susceptible or resistant to phorbol diester-in
duced cell differentiation. These cell variants were isolated from
the HL-60 cell line (3, 12, 21-26). One of these, the HL-205

cell variant, is susceptible to induction of maturation along the
monocyte/macrophage lineage after treatment with PMA, a
phorbol diester prototype, while another cell variant, HL-525,
is resistant to such an induction (23, 24). However, both of
these cell types can be induced to a monocyte maturation after
treatment with 1a,25-dihydroxycholecalciferol (23, 24), an in-
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*+ (mM)

Fig. 2. Effect of Ca2* concentrations on protein kinase C activity from HL-
205 (â€¢)and HL-S2S (O) cells. The activity of protein kinase C was assayed as
described in "Materials and Methods" except for the different f V* concentra
tions. The protein concentrations were 19 and 21 /ig of protein/ml for HL-20S
and HL-525 cell preparations, respectively. The results are the mean Â±SD (bars)
of three experiments with each one determined in duplicate.

10

I I I
1/5 4/5 12/5 3/5

Lipid Mixture

Fig. 3. Effect of lipid mixtures on protein kinase C activity from HL-205 (â€¢)
and HL-525 (O) cells. Enzyme activity was assayed as described in "Materials
and Methods" except for the different amounts of lipids. The highest lipid mixture

consisted of 50 Â»tg/mlphosphatidylserine and 0.5 Â«ig/mldiolein and the lowest
of 2 fig/ml phosphatidylserine and 0.02 fig/ml diolein. The ratio of phosphati-
dylserine/diolein in the lipid mixtures was always 100. The protein and substrate
concentrations were as in Fig. 2. The results are the mean Â±SD (bars) of three
experiments with each one determined in duplicate.

100

50 -

50 100 200

H-7 (

Fig. 4. Effect of H-7 on the activity of protein kinase C from either the HL-
205 (â€¢)or HL-525 (O) cells. The enzyme preparations, prior to assays of protein
kinase C activity, were incubated with various concentrations of H-7 for 5 min
on ice. The enzyme was assayed as described in "Materials and Methods." The

results are the mean Â±SD (bars) of three experiments with each one determined
in duplicate.

ducer that does not bind to the phorbol diester receptor (22).
These findings indicate that the HL-S2S cells did not lose their
ability to mature but were instead specifically resistant to in
duction of cell differentiation by phorbol diesters.

In the present studies, we have shown that the HL-205 and
HL-525 cells exhibit a different pattern of protein phosphoryl-

Table I Protein andpeptide phosphorylation by protein kinase C activity from
HL-205 and HL-525 cells

The enzyme preparations were assayed as described in "Materials and Meth
ods." The proteins were used at a concentration of 200 pg/ml and the peptides at

1 mM. The results are the mean Â±SD of three experiments with each one
determined in duplicate.

Protein kinase C activity,pmol/minSubstrateProteinHistone

IIISCaseinProtaminePeptideAÂ°BCDHL-205

cells10.0

Â±0.302.1

Â±0.24.0

Â±0.20.1"04.6

Â±0.2HL-525

cells10.0

Â±0.406.7

Â±0.32.6

+0.10.9*3.0

Â±0.10.6
Â±0.1

" A, Pro(O)-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly (NH2); B, Glu(P)-Trp-His-
Ser-Tyr-Gly-Leu-Arg-Pro-Gly (NH2); C, Glu(P)-His-Trp-Ser-Tyr-Leu-Arg-Pro
(NH2); D, Gly(Me)-Arg-Val-Tyr-Ile-His-Pro-Ser (Me).

* SD was less than Â±0.1 of the mean.

ation after PMA treatment. Because protein kinase C is consid
ered to be a putative receptor for PMA, the different pattern of
protein phosphorylation may have resulted from protein kinase
C activities that differ between the two cell types. We have,
therefore, compared the characteristics of protein kinase C
activities from HL-205 and HL-525 cells. Using partially pu
rified enzymes, we established that the activities of protein
kinase C from these cell types differ in a number of ways. For
effective activity, the enzyme from the HL-205 cells requires
Ca2+ rather than phospholipid, whereas the HL-525 enzyme
activity depends more on phospholipids than on Ca2+. However,

the protein kinase C activities from both cell types did not
differ markedly in their response to H-7, an inhibitor of a
number of protein kinases, including protein kinase C (30).

In addition to revealing the differences in the response of the
enzyme activities from HL-205 and HL-525 cells to Ca2+ and

phospholipids, we found that the protein kinase C activities
from the two cell types differed in their phosphorylation profiles
when exogenous proteins and peptides were added to the en
zyme preparations. These in vitro differences in substrate spec
ificity of the protein kinase C activity from HL-205 and HL-
525 cells can explain the differences in protein phosphorylation
patterns induced in vivo by PMA in both cell types.

The differences in the characteristics of protein kinase C
activities between the HL-205 and HL-525 cells can result from
one of a number of determinants, including (a) effect of an
unknown colador in the enzyme preparation that was not
altered during the partial purification, (b) different posttran-
scriptional modification of the enzyme, (c) gene mutation, and
(d) expression of different type(s) of protein kinase C. The last
possibility is of interest in view of recent studies indicating that
protein kinase C is a family of related enzymes with different
coding regions that may exhibit tissue-specific expression (31-
34).

On the basis of our results, we suggest that the altered protein
kinase C activity in the resistant HL-525 cells, which yields a
different substrate specificity, may be responsible for the differ
ent phosphorylation patterns and the different susceptibilities
of HL-205 and HL-525 cells to the induction of maturation by
PMA and related agents. In such a case, characterization of the
specific proteins that are phosphorylated in HL-205 but not
HL-525 cells and vice versa can lead to the identification of
molecules that are critical in initiating cell differentiation in
HL-60 and other related cell types.

In conclusion, our studies indicate that the variance in the
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response of HL-205 and HL-525 to PMA-induced cell differ
entiation is most likely due to their difference in the biochemical
characteristics of protein kinase C activity.
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