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The effect of protein kinase C inhibitors, staurosporine and 1-(5-isoquinolinyl sulfonyl)-2-
methyl piperazine(H7) on in vitro differentiation of erythroid progenitor cells which were
isolated from spleens of mice infected with the anemia-inducing strain of Friend virus were
examined. Erythropoietin-mediated differentiation of erythroid progenitor cells, as determined
by the incorporation of **Fe into protoporphyrin, was inhibited by staurosporine and H7 in a
concentration-dependent manner. Scatchard analysis of the ‘*H-phorbol-12,13-dibutyrate
binding to erythroid progenitor cells revealed that at the high affinity sites the dissociation
constant was 22nM and the maximum number of *H-phorbol-12,13-dibutyrate binding sites
per cell was approximately 3.7x10°. Cytosolic protein kinase C was isolated from erythroid
progenitor cells and then purified by sequential column chromatography. Two isoforms of
protein kinase C were found. Photoaffinity labeling of the purified protein kinase C samples
with *H-phorbol 12-myristate 13-acetate followed by analysis of SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and autofiuorography showed radiolabeled 82-KDa peptides.
Radiolabeling of the 82-KDa peptides with *H-phorbol 12-myristate 13-acetate was almost
completely blocked by excess unlabeled phorbol 12-myristate 13-acetate. Results of phorbol
12-myristate 13-acetate-promoted phosphorylation with the purified protein kinase C samples
showed that the phosphorylation of 82-KDa peptides was increased as the concentration of
phorbol 12-myristate 13-acetate was increased from 10° M to 10* M. In light of the findings
that erythroid progenitor cells possessed an abundance of protein kinase C and that
staurosporine and H7 inhibited erythroid differentiation, it seemed likely that protein kinase C
would play a role in the erythroid progenitor cell development.

Key words : Erythropoietin, Protein Kinase C, 'H-phorbol-12,13-dibutyrate Binding, Photoaffinity
labeling, Autophosphorylation, Erythroid Progenitor Cell

INTRODUCTION

Protein kinase C is an ubiquitous enzyme medi-
ating signal transduction pathways for the regulation
of remarkably diverse biological functions (Nishizuka,
1986). Diacylglycerol, produced from hydrolysis of
membrane phospholipids, increases the affinity of pro-
tein kinase C for Ca™ thereby activating the enzyme.
Tumor promoting phorbol esters, for which protein ki-
nase C acts as the receptor (Ashendel et al, 1985;
Kikkawa et al., 1983; Niedel et al.,, 1983), activate
the enzyme by promoting the migration of protein ki-
nase C from cytosol to the membrane (Franklin et al.,
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1989) and by increasing its affinity for Ca™ in a
manner analogous to diacylglycerol (Ebel-ing et al.,
1985). The use of activators and inhibitors of the en-
zyme such as phorbol esters, staurosporine and H7
had been useful in gaining insight into biological
roles for protein kinase C.

Using a recently developed model for erythro-
poietin-directed differentiation of erythroid cells (Kim
et al., 1989), a possible role for protein kinase C in
hematopoiesis was investigated. Here we got the
results on the inhibition of erythropoietin-dependent
in vitro differentiation of erythroid progenitor cells by
staurosporine and H7, ’H-phorbol-12, 13-dibutyrate
binding to erythroid progenitor cells, partial purificat-
ion of protein kinase C, and the characterization of
the enzyme by photoaffinity labeling and by phorbol



Role of Protein Kinase C on Erythroid Progenitor Cells

12-myristate 13-acetate-promoted phosphorylation.
The results suggest a potential role for protein kinase
C in erythropoietin-directed differentiation of erythr-
oid progenitor cells.

MATERIALS AND METHODS

Materials

Anemia-inducing strain of Friend virus was kindly
provided by Dr. Stephen T. Sawyer (Vanderbilt Univ-
ersity, Nashville, TN). Erythropoietin was a generous
gift from Genetics Institute (Cambridge, MA). Phos-
phatidylserine, 1,2-dioleoylglycerol, histone type IlI-S,
y-globulin, bovine serum albimin, phorbol-12,13-di-
butyrate, phorbol 12-myristate 13-acetate, leupeptin,
soybean trypsin inhibitor, pepstatin, aprotinin, phenyl-
methylsulfonylfluoride, staurosporine, H7, Drabkin's
reagent, Iscove's modified Dulbecco's medium, and
molecular weight markers for SDS-PAGE were pur-
chased from Sigma Chemical Company (St. Louis,
MO). Reagents for SDS-PAGE were obtained from Bio-
Rad Laboratories (Richmond, CA), and human transf-
errin from CalBiochem (San Diego, CA). Polyethylene
glycol was obtained from Fisher Scientific Co.
(Pittsburgh, PA). DEAE-Sephacel, Phenyl-Sepharose
CL-4B, AH-Sepharose 4B, Sepharose CL-6B and the
molecular weight markers for the gel filtration chro-
matography from Pharmacia Fine Chemicals (Pisca-ta-
way, NJ). *H-phorbol-12,13-dibutyrate, *H-phorbol 12-
myristate 13-acetate, and *FeCl’ from duPont-New
England Nuclear (Boston, MA), and [y-** P]-ATP from
Amersham (Arlington Heights, IL).

Preparation of erythroid progenitor cells

Anemia-inducing strain of Friend virus injection
into mice tail veins and the separation of mice
splenic erythroid progenitor cells by gravitational
separation were carried out according to the pro-
cedure of Sawyer et al. (1987). The erythroid pro-
genitor cells which were separated by velocity
separation at unit gravity were used for the in vitro
differentiation experiments. The erythroid progenitor
cells used for the purification of protein kinase C
and also for the phorbol-12,13-dibutyrate binding
experiments were prepared as previously reported
(Im et al., 1990). Briefly, 18 days after injection of
anemia-inducing strain of Friend virus-containing plasma
into BALB/c mice, the enlarged spleens were excised
and minced through a nylon sieve (75 pm mesh). The
cells were washed three times with cold saline solution
by centrifugation for 10 min at 450xg. For the pu-
rification of protein kinase C and the phorbol-12,13-di-
butyrate binding experiments, the washed cells were
used without further purification.
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Effect of staurosporine and H7 on the erythro-
poietin-mediated in vitrodifferentiation of eryth-
roid progenitor cells

Erythropoietin-mediated in vitro differentiation of ery-
throid progenitor cells was carried out according to
the procedure of Koury et al. (1984, 1988). Briefly, the
gravity separated erythroid progenitor cells (2x 10° cel-
Is) in 1 ml of Iscove's modified Dulbecco's medium
containing erythropoietin (0.2 U/ml), 30% fetal bo-
vine serum, 1% bovine serum albumin, penicillin (100
U/ml), streptomycin (100 ug/ml) and 0.1 mM o-
thioglycerol were cultured in 16 mm diameter plastic
wells at 37°C in humidified air plus 4% CO,. The in-
corporation of *Fe into protoporphyrin (@ measure of
heme synthesis) was determined at 12-hour intervals.
At 12 hours prior to the determination of **Fe incorpo-
ration into protoporphyrin, 50 ul of human transferrin
(2.4 mg/ml Iscove's modified Dulbecco's medium), 10
uCi of *FeCl,, and varying amounts of staurosporine
or H-7 in 10ml of dimethylsulfoxide were added to 1
ml aliquots of cell culture. The cells were collected,
washed, then lysed with Drabkin's solution. To the
lysates, HCl was added to give a final concentration
of 0.1 N, and then the *Fe incorporated into heme
was extracted with 2 ml of cyclohexanone. The
amount of cyclohexanone-extracted *Fe was determ-
ined in a gamma counter. Since cyclohexanone spec-
ifically extracts only the **Fe which was incorporated
into heme, and not the free *Fe, the cyclohexanone
extraction method was an excellent assay technique
for the determination of heme synthesis.

*H-Phorbol-12,13-dibutyrate binding to erythroid
progenitor cells

For the determination of time-course of *H-phorbol-
12,13-dibutyrate binding to erythroid progenitor cells,
100 pl of *H-phorbol-12,13-dibutyrate was added to
200 pl aliquots of erythroid progenitor cells (4x10°
cells) and the samples were incubated at room tem-
perature for 0-45 min in the absence (for total bind-
ing) or presense (for non-specific binding) of excess
unlabeled phorbol-12,13-dibutyrate (100 pM). After
incubation, the samples were chilled on ice and cen-
trifuged for 10 min at 800x g at 4°C. The cel! pellet
was lysed with 1 ml of 0.2 M NaOH, pneutralized
with 0.2 ml of T M HC! and the radioactivity of the
samples was determined in a scintillation counter.
Specific binding was calculated by subtracting the
non-specific binding from the total binding. For the
Scatchard analysis of *H-phorbol-12,13-dibutyrate
binding to erythroid progenitor cells, 100 pl aliquots
of *H-phorbol-12,13-dibutyrate solution containing dif-
ferent amounts of unlabeled phorbol-12,13-dibutyrate
were added to 200 ul aliquots of erythroid progenitor
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cells and the samples were incubated for 30 min at
room temperature. The incubated samples were cen-
trifuged and both the free phorbol-12,13-dibutyrate
concentration and the phorbol-12,13-dibutyrate
bound to the cells were determined as described in
the legend for Fig. 4. The data are plotted according
to Scatchard analysis (Scatchard, 1949).

*H-Phorbol-12,13-dibutyrate binding to solubiliz-
ed protein kinase C

Aliguots (100 pl) of solubilized protein kinase C sam-
ples were added to 50 ul of binding (50 mM Tris-HClI,
pH 7.4 containing 3 mM CaCl,, 112 mM magnesium
acetate, 40 mg/ml bovine serum albumin, 1.6 mg/ml
phosphatidylserine and *H-phorbol-12,13-dibutyrate).
The samples were incubated for 30 min at 37°C in the
absence (for total binding) or presence (for non-specific
binding) of 600 nM unlabeled phorbol-12,13-dibutyr-
ate. After incubation, the samples were chilled on ice,
and then 10 pl of ice-cold y-globulin solution (15% w/
v) and 90 pl of ice-cold polyethylene glycol solution
(30% w/v) were added. The samples were kept onice
for 15 min followed by filtration through Milipore STSV
096 NS membranes under vacuum. The membranes
were washed three times with 150 ul of ice-cold 10.8%
polyethylene glycol solution. Radioactivity of the Mi-
lipore membranes was determined in a Beckman scin-
tillation counter and specific binding was calculated.

Protein kinase C assay

Activity of the enzyme was assayed as described
previously (Franklin et al., 1989). Total phosphoryla-
tion activity was determined by the phosphorylation
of Type llI-S histone in the presence of the protein ki-
nase C activators (2.4 nM Ca™, 0.2 pg diacylglycerol
and 2 mg phosphatidylserine) at 30°C. Non-specific
activity was determined in the absence of the ac-
tivators and in the presence of 0.5 mM EGTA. Spec-
ific protein kinase C activity was determined by sub-
tracting non-specific activity from total activity.

Isolation and purification of protein kinase C
from erythroid progenitor cells

Erythroid progenitor cells prepared from 150 anem-ia-
inducing strain of Friend virus injected mice were
suspended in a 200 m! solution composed of 20 mM
Tris-HCI, pH 7.5 containing 0.5 mM EDTA, 0.5 mM
EGTA, 10 mM mercaptoethanol, 10 uM leupeptin, 33
mg-/100 ml soybean trysin inhibitor, 1 mg/100 ml
pepstantin, 1T mg/100 ml aprotinin and 0.1 mM phenyl-
methylsulfonyl fluoride. The sample was homogenized
with a polytron tissue homogenizer in an ice bath and
ther. rentrifuged at 100,000x g for 1 h at 4°C. The su-
pernatait was centrifuged again at 160,000x g for 1 h
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at 4°C and the final supernatant was used for the pu-
rification of the enzyme. Protein kinase C was purified
by sequential column chromatography on DEAE-Sepha-
cel, Phenyl-Sepharose CL-4B, threonine-Sepharose and
Sepharose CL-6B-columns. Buffer A (20 mM Tris-HCI,
pH 7.5 containing 0.5 mM EDTA, 0.5 mM EGTA and
10 mM mercaptoethanol) was used as the elution buff-
er for the sequential chromatography and all the pu-
rification procedures were carried out in a cold room.

DEAE-Sephacel chromatography

The isolated crude cytosolic protein kinase C sample
(175 ml) was loaded on a DEAE-Sephacel column (5%
5.5 c¢m) and eluted successively with Buffer A con-
taining 50 mM, 100 mM and 0.8 M NaCl. The flow
rate was 48 ml/h and 8 ml fractions were collected.
The assay results of *H-phorbol-12, 13-dibutyrate bind-
ing and the protein kinase C activity with aliquots with-
drawn from each fraction showed that the enzyme was
eluted in the 100 mM NaCl elution fractions. The frac-
tions containing protein kinase C were pooled.

Phenyl-Sepharose CL-4B chromatography

To the pooled protein kinase C sample from DEAE-
Sephacel chromatography, NaCl was added to 1M,
and then the sample was applied to a phenyl-Seph-
arose CL-4B column (1.5x 15 cm). The column was
eluted by the decreasing linear NaCl concentration
gradient elution with 100 ml each of Buffer A and
Buffer A containing 0.6 M NaCl. After the chroma-
tography, the ‘H-phorbol-12,13-dibutyrate binding
and protein kinase C activity of each fraction were de-
termined. protein kinase C was eluted at the tail end
of the the decreasing linear NaCl concentration gra-
dient elution. The fractions containing protein kinase
C were pooled.

Threonine-Sepharose chromatography

The pooled protein kinase C sample from phenyl-
Sepharose CL-4B was applied to a threonine-Sephar-
ose column (1.5X9 cm). Threonine-Sepharose was
prepared according to the procedure of Kitano et al.
(1986). The column was initially eluted with 90 mM
NaCl in Buffer A, followed by a linear NaCl con-
centration gradient elution with 100 ml each of Buff-
er A containing 90 mM and 0.6M NaCl. After chro-
matography, the *H-phorbol-12,13-dibutyrate binding
and protein kinase C activity were assayed with ali-
quots from each fraction. Protein kinase C was found
in two peak fractions. Peak | and Peak Il fractions
containing protein kinase C were separately pooled.

Sepharose CL-6B gel filtration chromatography

The pooled Peak | and Peak Il samples from threon-
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ine-Sepharose chromatography were concentrated to
about 2 ml in an Amicon concentrator with a PM-10
membrane. The concentrated samples were dialyzed
overnight against two changes of 2L of the elution
buffer for the Sepharose CL-6B chromatography (Buffer
A containing 0.1 M NaCl). The dialyzed samples were
individually chromatographed on a Sepharose CL-6B col-
umn. The Sepharose CL-6B purified protein kinase C
samples were used for the photo affinity labeling and the
phorbol 12-myristate 13-acetate-promoted phosphorylat-
ion experiments.

Photoaffinity labeling of purified protein kinase C
with *H-phorbol 12-myristate 13-acetate

Aliquots (400 pi) of the Sepharose CL-6B purified pro-
tein kinase C samples were incubated with *H-phorbol
12-myristate 13-acetate in the absence and presence of
excess unlabeled phorbol 12-myristate 13-acetate under
the same conditions as described for the assay for the °H-
phorbol-12, 13-dibutyrate binding to solubilized protein
kinase C. After incubation, the sample tubes were transf-
erred to an ice bath and were irradiated from the top
with UV light (American Ultraviolet Co., Model 1000 F)
through a 7-54 UV filter (Farrand Optical Co., Valhalla,
NY) for 2 min at a distance of 25 cm. The UV irradiated
samples were subjected to SDS-PAGE under reducing
conditions. After electrophoresis, the gel was soaked in
Enlightning solution for 30 min, dried and autofluor-
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ography was performed.

Phorbol 12-myristate 13-acetate-promoted phos-
phorylation of protein kinase C

Porbol 12-myristate 13-acetate-promoted phosphor-y-
lation of the Sepharose CL-6B purified protein kinase C
samples was carried out according to a modified pro-
cedure of Mochly-Rosen et al. (1987) and Newton et al.
(1987). Briefly, aliquots (106 pl) of the purified protein ki-
nase C samples were added to 64 pl of the phos-
phorylation buffer (20 mM Tris-HCl, pH 7.5 containing
10 pg of phosphatidylserine, 240 nmol CaCl, 11.25
mM MgCl, and 2.5 nmol [yv-32P]ATP, 2-4x 105 cpm/
nmol). The samples were incubated for 3 min at 30°C in
the absence or presence of various amounts of phorbol
12-myristate 13-acetate. The reaction was stopped by ad-
ding 130 pl of the reducing SDS-PAGE sample buffer.
The samples were heated for 5 min in boiling water and
then analyzed by SDS-PAGE and autoradiography.

RESULTS

Effects of staurosporine and H7 on the erythro-
poietin-mediated in vitro differentiation of erythroid
progenitor cells

To determine whether protein kinase C inhibitors in-
fluence the erythropoietin-directed differentiation of
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Fig. 1. Effect of staurosporine on the incorporation of *Fe into heme during culture of erythroid progenitor cells in the
presence of erythropoietin. (A) Gravity separated erythroid progenitor cells(2x 10° cells/ml) were cultured with
erythropoietin (0.2 U/ml). The cells were treated with varying amounts of staurosporine and **FeCl; 12 hours prior to the
determination of *Fe incorporation into heme. Amounts of *Fe incorporated into heme were determined at 12 hour
intervals as described in "Methods". (B) The **Fe incorporation data at 24 hour period in A were replotted in terms of %
incorporation of *>Fe versus concentration of staurosporine. Data are means of triplicate cultures and standard deviations

were all less than 5% of the mean values.
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“Fe into heme during culture of erythroid progenitor cells in the presence of

erythropoietin. Experimental procedure was the same as for Fig. 1. (A) Effect of H7 concentration on the **Fe incorporation
into heme. (B) Concentration of H7 versus % **Fe incorporation at 24 hour culture period. Data are means of quadruplicate
cultures and standard deviations were less than 5% of the mean values.

erythroid progenitor cells, effects of staurosporine and
H7 on the incorporation of *Fe into heme during
erythroid cell culture were examined. Fig. 1 shows a
typical result of three experiments in which the *Fe
incorporation into heme was monitored in the pres-
ence of staurosporine. When erythroid progenitor
cells were cultured in the medium containing 0.2 U/
ml of erythropoietin, initial 59 incorporation into
heme was low, but increased sharply to a peak dur-
ing 24 hours of culture. After 24 hours, the *Fe in-
corporation was decreased during 36 to 48 hour
periods (Fig. TA). In the absence of erythropoietin in
the medium, Virtually no *Fe incorporation was ob-
served (data not shown). Figure 1A shows that the
*Fe incorporation was inhibited by staurosporine in a
concentration dependent manner. The data at 24
hour culture period are replotted in terms of % *Fe in-
corporation versus staurosporine concentration as
shown in Figure 1B. A maximum inhibition was seen
at 10 nM or higher. erythropoietin-mediated *Fe in-
corporation into heme was also suppressed by anoth-
er protein kinase C inhibitor, H7 in a concentration-
dependent manner (Fig. 2). However, H7 was far less
effective than staurosporine and required more than 4
orders of magnitude higher concentrations than stau-
rosporine to obtain a comparable suppression. The
concentrations at which staurosporine and H7 el-
icited a half maximal *Fe incorporation were 3.8 nM
and 280 uM, respectively (Fig. 1B and Fig. 2B). Di-
methylsulfoxide, which was used as a solvent for stau-
rosporine and H7, had no effect on *Fe incorporation
(data not shown).
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Fig. 3. Time-course of *H-phorbol-12,13-dibutyrate binding
to erythroid progenitor cells.To 200pl aliquots of erythroid
progenitor cells {4x 10° cells), *H-phorbol-12,13-dibutyrate
(10o0u!) was added and incubated at room temperature in
the absence and presence of excess unlabeled phorbol-12,
13-dibutyrate. The incubated samples were chilled on ice
and centrifuged. The precipitated cells were solubilized
with NaOH, neutralized with HCI, then radioactivity was
determined and specific binding was calculated. For details,
see Methods.

Binding of *H-phorbol-12,13-dibutyrate to eryth-
roid progenitor cells

The time course of ‘H-phorbol-12,13-dibutyrate
binding to erythroid progenitor cells showed that the
specific *H-phorbol-12,13-dibutyrate binding reached
steady state by about 20 min at room temperature
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Fig. 4. Scatchard analysis of 3H-phorbol-12,13-dibutyrate
binding to erythroid progenitor cells. *H-Porbol-12,13-
dibuyrate(100 pnl) was added to 200 pl aliquots of erythroid
progenitor cells (5.6x 107 cells) and incubated for 30 min
at room temperature in the presence of differing amounts of
unlabeled phorbol-12,13-dibutyrate. The incubated samples
were chilled, centrifuged, then 100 pl of the supernatant
was withdrawn and radioactivity was determined. Free
phorbol-12,13-dibutyrate concent-rations were calculated
from the radioactivity. The remaining supernatant in each
centrifuge tube was aspirated off and the inside wall of the
tube was wiped with moistened cotton swabs. The
precipitated cells were dissolved with NaOH, neutralized
with HCI and radioactivity was determined. Corrections for
nonspecific binding were made by subtracting the
radioactivity obtained from samples containing 100 uM of
unlabeled phorbol-12,13-dibutyrate, and the results were
analyzed according to the Scatchard plot.

(Fig. 3). Scatchard analysis of the *H-phorbol-12,13-di-
butyrate binding revealed that at the high affinity sites
the dissociation constant was 22 nM and maximum
number of *H-phorbol-12,13-dibutyrate binding sites
per cell was appoximately 3.7x 105 (Fig. 4).

Isolation and purification of protein kinase C

Cytosolic protein kinase C was isolated from eryth-
roid progenitor cells by homogenization of the cells
followed by centrifugation. The supernatant containi-
ng protein kinase C was used for the purification of
the enzyme by sequential chromatography on DEAE-
Sephacel, phenyl-Sepharose CL-4B, threonine-Se-
pharose and Sepharose CL-6B columns. When the
phenyl-Sepharose CL-4B purified protein kinase C
sample was chromatographed on a threonine-Sepha-
rose, protein kinase C was separated into two peak
fractions (Peak | and Peak Il). Peak | and Peak Il pro-
tein kinase C samples were individually chromat-
ographed on a Sepharose CL-6B column. The results
are shown in Fig. 5. Protein kinase C of both Peak |
and Peak Il samples was eluted at an elution volume
corresponding to a Mr of 82,000. The protein kinase
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Fig. 5. Sepharose CL-6B gel filtration of Peak | and Peak I
protein kinase C samples from threonine-Sepharose
chromatography. The protein kinase C containing peak
fractions from threonine-Sepharose chromatography were
separately pooled and concentrated to about 2 m! in an
Amicon concentrator with a PM-10 membrane. The
concentrated samples were individually chromatographed
on a Sepharose CL-6B column (1.6x95 cm). The flow rate
was 6 ml/h and 2 ml fractions were collected. A, Peak |
sample. B. Peak Il sample. The molecular weight markers
used were: 1, blue dextran; 2, thyroglobulin; 3, ferritin; 4,
catalase; 5, aldolase; 6, bovine serum albumin; 7,
Ovalbumin; 8, carbonic anhydrase; 9, RNase-A.

C containing fractions of Peak | and Peak Il samples
were separately pooled and used for the *H-phorbol
12-myristate  13-acetate photoaffinity labelling and
phorbol 12-myristate 13-acetate-promoted phosphory-
lation experiments.

Photoaffinity labelling of purified protein kinase C
samples with *H-phorbol 12-myristate 13-acetate

Aliguots of the Sepharose CL-6B purified Peak | and
Peak 1l samples were incubated with *H-phorbol 12-
myristate 13-acetate in the absence and in the pres-
ence of excess amounts of unlabeled phorbol 12-myr-
jstate 13-acetate for 30 min at 37°C. After incubation,
the samples were transferred to an ice bath and ir-



96

M.W.

205K—

116K—
97K—

66K —
45K —

29K —

PMA - + - +
1 2 3 4

Fig. 6. Photoaffinity labeling of the purified protein kinase C
samples with *H-phorbol 12-myristate 13-acetate. Aliquots
of the protein kinase C samples from Fig. 5 were incubated
with *H-phorbol 12-myristate 13-acetate in the absence and
presence of an excess amount of unlabeled phorbol 12-
myristate 13-acetate. The incubated samples were
irradiated with UV light. The UV irradiated samples were
analyzed by SDS-PAGE and autofluorography. Lanes 1 and
3,in the absence of phorbol 12-myristate 13-acetate; Lanes
2 and 4, in the presence of excess phorbol 12-myristate 13-
acetate.
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radiated with UV light for 2 min. The UV irradiated
samples were subjected to SDS-PAGE under reducing
conditions followed by autofluorography (Fig. 6). In Fig.
6, Panels | and Il represent Peak | and Peak Il samples,
respectively. Fig. 6 shows that in the absence of un-
labeled phorbol 12-myristate 13-acetate a radiolabeled
peptide with Mr of 82,000 was found in both Peak |
and Peak Il samples (lanes 1 and 3). However, in the
presence of an excess of unlabeled phorbol 12-myr-
istate 13-acetate, radio labelling of 82-KDa peptide of
both Peak | and Peak Il samples was almost com-
pletely blocked (lanes 2 and 4). These results indicated
that the photoaffinity labelling of the purified Peak |
and Peak [l protein kinasé C samples with 3H-phorbol
12-myristate 13-acetate was specific.

Phorbol 12-myristate 13-acetate-promoted phos-
phorylation of purified protein kinase C samples

Aliquots of Sepharose CL-6B purified Peak | and
Peak 11 protein kinase C samples were added to the
phosphorylation buffer (20 nM Tris-HCl, pH 7.5 con-
taining phosphatidylserine, CaCl?>, MgCI* and [y-*’P]-
ATP) and incubated for 3 min at 30°C in the absence
and presence of various concentrations (10°-10*M) of
phorbol 12-myristate 13-acetate. The incubated sam-
ples were subjected to SDS-PAGE under reducing
conditions, followed by autoradiography. The results
depicted in Fig. 7 showed that for both Peak | and
Peak Il samples, the 82-KDa peptides were not phos-
phorylated in the absence of phorbol 12-myristate 13-
acetate. However, as the concentration of phorbol 12-
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Fig. 7. Phorbol 12-myristate 13-acetate-stimulatedphosphorylation of purified protein kinase C. Aliquots of protein kinase C
sample from Fig. 5 were incubated with [y-*P]-ATP and cofactors of the enzyme in the absence and presence of differing

concentrations of phorbol

12-myristate

13-acetate.

The incubated samples were analyzed by SDS-PAGE and

autoradiography. A, Peak | sample. B, Peak Il sample. Concentrations of phorbol 12-myristate 13-acetate: Lane 1,-0M; Lane
2, 10°M; Lane 3, 10’M; Lane 4, 10°M; Lane 5, 10°M; Lane 6, 10*M.
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myristate 13-acetate was increased from 10°M to 10
*M, phosphorylation of 82-KDa peptides of Peak |
and Peak Il samples was increased (lanes 2-6, Fig. 7A
and 7B). These results clearly demonstrate that phor-
bol 12-myristate 13-acetate promotes phosphorylation
of both Peak | and Peak Il protein kinase C samples
of erythroid progenitor cells. The broad radioactive
bands corresponding to molecular weight of 48K
represente the substrate(s) of the enzyme.

DISCUSSION

Protein kinase C has long been implicated to play a
role in the regulation of hematopoiesis (Fibach et al.,
1980; Fibach et al., 1979; Nakazawa et al., 1989; Ka-
tayama et al., 1989; Sieber et al., 1981). Studies with
mouse hematopoietic precursor cells in culture have
shown that phorbol 12-myristate 13-acetate stimulates
myeloid progenitor cells to form the monocyte/ma-
crophage colonies either with or without colony
stimulating factor (Fibach et al, 1980; Fibach et al.,
1979; Sieber et al, 1981). By contrast, phorbol 12-
myristate 13-acetate action on the differentiation of
erythroid progenitor cells was controversial. While Fi-
bach et al. (1980) found that phorbol 12-myristate 13-
acetate increased the number and size of bursts form-
ed by early erythroid progenitor cells (burst forming
unit-erythroid), Sieber et al. (1981) reported instead
an inhibition of burst formation by bone marrow-
derived early erythroid progenitor cells. On the other
hand, with respect to the late erythroid progenitor
cells (colony forming unit-erythroid) or erythroid cells
already committed to terminal differentiation, phorbol
12-myristate 13-acetate was without effect (Katayama
et al., 1989; Nakazawa et al., 1989; Sieber et al,
1981). Morever, a suppression of the responsiveness
to phorbol 12-myristate 13-acetate was observed after
an inducer directed commitment to differentiation of
a murine erythroleukemia cell line (Fibach et al.,
1979).

The splenic erythroid progenitor cells isolated from
mice infected with the anemia causing strain of
Friend virus were arrested at the stage of colony form-
ing unit-erythroid which was already committed to
terminal differentiation. Under in vitro culture con-
ditions, these cells differentiated to hemoglobin-rich
reticulocytes within 2-3 days in the presence of
erythropoietin and fetal calf serum. We found that
staurosporine elicited a dose-dependent inhibition of
erythroid progenitor cell differentiation as measured
by *Fe incorporation. Although the identity of the pro-
tein kinase which was affected by staurosporine
could not be made with certainty, the finding that H7
also suppressed erythroid differentiation suggested
protein kinase C as the likely target. Our results on
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the suppression of erythroid progenitor cell differ-
entiation by protein kinase C inhibitors were at odds
with some of the aforementioned findings.

In order to compare protein kinase C content in
erythroid progenitor cells with previously reported
amounts of the enzyme in various tissues and cell
lines (Chida et al., 1988; Horowitz et al., 1981; Shoy-
ab et al., 1981; Sieber et al,, 1981), we had charac-
terized phorbol-12,13-dibutyrate binding to erythroid
progenitor cells. We found that the maximum numb-
er of phorbol-12,13-dibutyrate binding sites per cell
and the Kd at the high affinity site were 3.7x10° and
22 nM, respectively. It was reported that for rat em-
bryo fibroblasts the maximum number of high affinity
phorbol-12,13-dibutyrate binding sites per cell was 1.
6x 10°, and the Kd was 8 nM (Horowitz et al., 1981).
It was found that the brain and spleen of mice con-
tain high levels of protein kinase C, and the Kd for
the phorbol-12,13-dibutyrate binding was 2-4 nM
(Shoyab et al, 1981). Recently, It was reported the
phorbol-12,13-dibutyrate binding to 41 different cell
lines and when the maximum numbers of phorbol-12,
13-dibutyrate binding sites per cell were calculated
as a range from 1.8x10° to 4.7x10° (Chida et al,,
1988). It was evident that protein kinase C density in
erythroid progenitor cells was one of the highest
among the various cell lines. In contrast to the large
number of phorbol-12,13-dibutyrate binding sites per
erythroid progenitor cell, mature erythrocytes of mice
bind a negligible amount of phorbol-12,13-dibutylate
(datllnot shown). Since erythroid progenitor cells pos-
sessed a high abundance of protein kinase C as com-
pared to mature mice erythrocytes and protein kinase
C inhibitors suppressed the *°Fe incorporation into
heme, it was likely that protein kinase C might play
an important function for the differentiation of the pro-
genitor cells.

Recently, several procedures for the purification of
protein kinase C have been developed (Go et al.,
1987; Shearman et al, 1989; Walton et al., 1987;
Wooten et al., 1987). Several discrete subspecies of
protein kinase C (o-, BI-, Bli-, y-, 8-, &-, and y-protein
kinase C) have isolated from various tissues (Kikkawa
et al., 1989). Following the established procedures,
we isolated two isoforms of protein kinase C from
erythroid progenitor cells, and the isoforms of protein
kinase C were characterized by photoaffinity labeling
with *H-phorbol 12-myristate 13-acetate and by phor-
bol 12-myristate 13-acetate-promoted autophosph-
orylation. The described method for the photoaffinity
labeling of protein kinase C with *H-phorbol 12-myr-
istate 13-acetate was simple and would be useful for
the identification and characterization of protein ki-
nase C in other cell lines.

Phorbol esters had been known to inhibit the binding
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of epidermal growth factor to a variety of cells in culture
{Brown et al. , 1979; Lee et al, 1978; Shoyab et al.,
1980; Shoyab et al., 1979). It had been found that for
human OCIMI erythroleukemia cells, phorbol 12-myr-
istate 13-acetate decreased the number of erythropoietin
binding sites per cell without altering the affinity of the
receptor for erythropoietin (Broudy et al,, 1988). It had
been shown that phorbol esters catalyze phosphorylation
of EGF receptor on threonine (Whitely et al. 1986), but
block tyrosine-specific phosphorylation of EGF receptor
and decreased EGF-stimulated tyrosine kinase activity
(Cochet et al., 1984; Friedman et al., 1984). It was found
that three isoforms of protein kinase C, which were pu-
rified from the rat brain, promoted the phosphorylation
of EGF receptor at quite different rates (Ido et al., 1987).
We had partially purified erythropoietin receptors from
the erythroid progenitor cells and demonstrated the ery-
thropoietin-promoted phosphorylation of erythropoietin
receptors (Im et al., 1990). It would be of interest to de-
termine whether protein kinase C inhibitors and phorbol
esters had any direct effect on the binding of erythro-
poietin to purified erythropoietin receptors, and on the
erythropoietin-promoted phosphorylation of tyrosine resi-
dues of erythropoietin receptors through the protein ki-
nase C-mediated phosphorylation cascade mechanisms.

ACKNOWLEDGEMENT

This paper was supported in part by NON DIRECTED
RESEARCH FUND, Korea Research Foundation, 1993.
The authors gratefully thank Professor Hyun D. Kim &
Jeong H. Im, School of Medicine, University of Mis-
souri, for their supporting and advice.

REFERENCES CITED

Ashendel, C. L., The phorbol ester receptor: a phos-
pholipid-regulated protein kinase. Biochim. Biop-
hys. Acta., 822, 219-242 (1985).

Broudy, V. C., Lin, N., Egrie, ., deHa n, C., Weiss, T.,
Parayannopoulou, T. and Adamson, ). W., |den-
tification of the receptor for erythropoietin on hu-
man murine erythroleukemia cells and modulation
by phorbol ester and dimethyl sulfoxide. Proc. Natl.
Acad. Sci. USA, 85, 6513-6517 (1988).

Brown, K. D., Dicker, P. and Rozengun, E., Inhibition
of epidermal growth factor binding to surface re-
ceptors by tumor promoters. Biochem. Biophys.
Res. Commun., 86, 1037-1043 (1979).

Chida, K., Kato, N., Yamada, S. and Kuroki, T., Pro-
tein kinase C activities and bindings of a phorbol
ester tumor promoter in 41 cell lines. Biochem.
Biophys. Res. Commun., 157, 1-8 (1988).

Cochet, C., Gill, G. N., Meisenhelder, J., Cooper, J.A.
and Hunter, T., C-kinase phosphorylates the ep-

S.J.Lee, 1.K.Cho, I.H.Huh, Y.K.Yom and H.S. Ann

idermal growth factor receptor and reduces its ep-
idermal growth factor-stimulated tyrosine protein ki-
nase activity. J. Biol. Chem., 259, 2553-2558
(1984).

Fibach, E., Gambari, R., Shaw, P. A., Maniatis, G.,
Reuben, R. C., Sassa, S., Riftkind, R.A. and Marks,
P. A., Tumor promoter-mediated inhibition of cell
differentiation: suppression of the expression of
erythroid functions in murine erythroleukemia cells.
Proc. Natl. Acad. Sci. USA, 76, 1906-1910 (1979).

Fibach, E., Marks, P. A. and Rifkind, R. A., Tumor pro-
motes enhance myeloid and erythroid colony for-
mation by normal mouse hemopoietic cells. Proc.
Natl. Acad. Sci. USA, 77, 4152-4155 (1980).

Franklin, C. C., Turner, J. T. and Kim, H. D., Re-
gulation of Na'/K'/Cl" cotransport and [*Hlbume-
tanide binding site density by phorbol esters in HT
29 cells. J. Biol. Chem., 264, 6667-6673 (1989).

Friedman, B., Brackelton, A. R., Jr., Ross, A. H., Con-
nors, J. M., Fujiki, H., Sugimura, T. and Rosner, M.
R., Tumor promoters block tyrosine-specific phos-
phorylation of the epidermal growth factor receptor.
Proc. Natl. Acad. Sci. USA, 81, 3034-3038 (1984).

Go, M., Koumoto, )., Kikkawa, U. and Nishizuka, Y.,
Protein kinase C purification by high performance
liquid chromatography: An improved method.
Methods Enzymol., 141, 424-428 (1987).

Horowitz, A. D., Greenbaum, E., and Weinstein, I. B.,
Identification of receptors for phorbol ester tumor
promoters in intact mammalian cells and of an in-
hibitor  of receptor binding in biological fluids.
Proc. Natl. Acad. Sci. USA 78, 2315-2319 (1981).

Ido, M., Sekiguchi, K., Kikkawa, U. and Nishizuka, Y.,
Phosphorylation of the EGF receptor from A431 ep-
idermoid carcinoma cells by three distinct types of
protein kinase C. FEBS Lett.,, 219, 215-218 (1987).

Im, . H., Lee, S. J. and Kim, H. D., Partial pur-
ificationand characterization of erythropoietin re-
ceptors from erythroid progenitor cells. Arch.
Biochem. Biophys., 278, 486-491 (1990).

Katayama, N., Nishikawa, M., Minami, N. and Shira-
kawa, S., Putative involvement of protein kinase C
in proliferation of human myeloid progenitor cells.
Blood, 73, 123-130 (1989).

Kikkawa, U., Kishmoto, A. and Nishizuka, Y., The
protein kinase C family: Heterogeneity and its im-
plications. Ann. Rev. Biochem., 58, 31-44 (1989).

Kikkawa, U., Takai, Y., Tamaka, Y., Miyake, R. and
Nishizuka, Y., Protein kinase C as a possible re-
ceptor protein of tumor-promoting phorbol esters. J.
Biol. Chem., 258, 11442-11445 (1983).

Kim, H. D., Tsai, Y-S,, Lee, S.J., Im, J. H., Koury, M. .
and Sawvyer, S.T., In: The Red Cell: 7th Ann Arbor
Conference. Progress in Clinical and Biological
Research (Brewer, G.J.,, Ed.)) New York, Vol. 319,



Role of Protein Kinase C on Erythroid Progenitor Cells

1989, pp. 491-504.

Kim, H. D., Koury, M. J., Lee, S. J., Im, J. H. and
Sawyer, S. T., Metabolic adaptation during erythro-
poietin-mediated differentiation of mouse erythroid
cells. Blood, 77, 387-392 (1991).

Kitano, T., Go, M., Kikkawa, U. and Nishizuka, Y.,
Assay and purification of protein kinase C. Met-
hods Enzymol., 124, 349-352 (1986).

Koury, M. )., Sawyer, S. T. and Bondurandt, M. C.,
Splenic erythroblasts in anemia-inducing Friend
disease: A source of cells for studies of erythro-
poietin-mediated differentiation. J. Cell. Physiol.
121, 526-532 (1984).

Koury, M. }J. and Bondurandt, M. C., Maintenance by
erythropoietin of viability and maturation of murine
erythroid precursor cells. J. Cell. Physiol., 137, 65-
74 (1988).

Lee, L. S. and Weinstein, I. B., Tumor-promoting phor-
bol esters inhibit binding of epidermal growth fac-
tor to cellular receptors. Science, 202, 313-315
(1978).

Mochly-Rosen, D. and Koshland, Jr.,, D. E., Domain
structure and phosphorylation of protein kinase C.
J. Biol. Chem., 262, 2291-2297 (1987).

Nakazawa, M., Mitjavila, M. T., Devili, N., Casa-
devall, N., Mayeux, P., Rouyer-Fessard, P., Dubart,
A., Romeo, P. H., Beuzard, Y., Kishi, K., Breton-
Corius, ). and Vainchenker, W., KU 812: A plu-
ripotent human cell line with spontaneous
erythroid terminal maturation. Blood, 73, 2003-
2013 (1989).

Newton, A. C. and Koshland, Jr., D. E., Protein kinase
C autophosphorylates by an intrapeptide reaction. /.
Biol. Chem., 262, 10185-10188 (1987).

Niedel, J. E., Kuhn, L. ). and Vandenbard, G. R., Phor-
bol diester receptor copurifies with protein kinase
C. Proc. Natl. Acad. Sci. U.S.A., 80, 36-40 (1983).

Nishizuka, Y., Studies and perspectives of protein ki-
nase C. Scinece, 233, 305-312 (1986).

Sawyer, S. T., Koury, M. J. and Bondurant, M. C., Lar-
ge-scale procurement of erythropoietin-responsive
erythroid cells: Assay for biological activity of

99

erythropoietin. Methods. Enzymol., 147, 340-352
(1984).

Scatchard, G., The attractions of proteins for small
molecules and ions. Ann. N. Y. Acad. Sci., 51,
660-672 (1949).

Shearman, M. S., Ogita, K., Kikkawa, U. and Nish-
izuka, Y., A rapid method for the resolution of pro-
tein kinase C subspecies from rat brain tissue.
Methods Enzymol., 168, 347-351 (1989).

Shoyab, M., Delarco, ). E. and Todaro, G. J., Bio-
logically active phorbol esters specifically alter af-
finity of epidermal growth factor membrane re-
ceptors. Nature, 279, 387-391 (1979).

Shoyab, M. and Todaro, G. J. Vitamin K3 (menadione)
and related quinones, like tumor-promoting phor-
bol esters, alter the affinity of epidermal growth fac-
tor for its membrane receptors. J. Biol. Chem., 255,
8735-8739 (1980).

Shoyab, M., Warren, T. C. and Todaro, G. J., Tissue
and species distribution and developmental vari-
ation of specific receptors for biologically active
phorbol and ingenol esters. Carcinogenesis, 2,
1273-1276 (1981).

Sieber, F., Stuart, P. K. and Spivak, }. L., Tumor-pro-
moting phorbol esters stimulate myelopoiesis and
suppress erythropoiesis in cultures of mouse bone
marrow cells. Proc. Natl. Acad. Sci. USA, 78, 4402-
4406 (1981).

Walton, G. W., Bertics, P. J., Hudson, L. G., Verdick, T.
S. and Gill, G. N., A three step purification procedure
for protein kinase C: Characterization of the purified
enzyme. Anal. Biochem., 161, 425-437 (1987).

Whitely, B. and Glaser, L., Epidermal growth factor
(EGF) promotes phosphorylation at threonine-654
of the EGF receptor: Possible role of protein kinase
C in homologous regulation of the EGF receptor. J.
Cell. Biol., 103, 1355-1362 (1986).

Wooten, M. W., Vandenplas, M. and Nel, A. E., Ra-
pid purification of protein kinase C from rat brain.
A novel method employing protamine-agarose af-
finity column chromatography. Fur. J. Biochem.,
164, 461-467 (1987).



