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SUMMARY: The isoquinolinesulfonamide derivative, KN-62 , is a potent and
specific inhibitor of CaZ*/calmodulin dependent protein kinase II (CaM kinase II)( Tokumitsu,
H., Chijiwa, T., Hagiwara, M., Mizutani, A., Terasawa, M., and Hidaka, H.(1990) J. Biol.
Chem. 265, 4315-4320 ). KN-62 inhibits growth of K562 cells, in a dose-dependent manner.
Flow cytometric analysis demonstrates that the treatment of K562 cells with 10 pM KN-62
causes an accumulation of cells in S phase.

Immunoblotting studies showed that specific antibodies against CaM kinase II recognized the 65
kDa of protein in K562 cells . This protein showed protein kinase activity as examined by the
activity gel method. The inhibition of this enzyme activity by KN-62 was dose-dependent. The
immunoprecipitates with the antibodies from K562 cells phosphorylates the synthetic peptide
substrates, syntide-2. These results suggest that CaM kinase II plays an important role in the
mechanisms for the cell growth in K562 cells. o 1994 academic press, Inc.

The major intracellular Ca?*-receptor calmodulin is present in a wide variety of mammalian
tissues. Ca?*/calmodulin (CaM) complex is involved in the regulation of a variety of
fundamental intracellular systems such as protein phosphorylation, glycogen and cyclic
nucleotide metabolism and microtubule assembly 1-3. Many pharmacological studies using CaM
antagonists have demonstrated the importance of calmodulin in cell function and cell cycle
progression 4-7.

Multifunctional CaM dependent protein kinase II (CaM kinase II) was found in most

mammalian tissues examined and was purified, characterized from many tissues 8. The protein

1 This work was supported in part by a grant from the Ministry of Education, Science and Culture, Japan.

2 To whom correspondence should be addressed.

The abbreviations used are: CaM, CaZ+/calmodulin; CaM kinase, CaZ*/calmodulin dependent protein kinase;
DMSO, dimethy! sulfoxide; EGTA, ethyleneglycol bis(2-aminoethylether) tetraacetic acid; HEPES, N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid; KN-62, 1-[N,0-bis(5-isoquinoline-sulfonyl)-N-methyl-L-tyrosyl]-
4-phenylpiperazine; MLC, myosin light chain; PAGE, polyacrylamide gel electrophoresis; PBS, Phosphate-buffered
saline; PMSF, phenylmethanesulfonyl fluoride; RPMI, Roswell Park Memorial Institute.
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phosphorylation by CaM kinase II may act as a functional switch in the CaM signal transduction.
We reported previously the potent and specific inhibitor KN-62 (1-[N,O-bis(5-isoquinoline-
sulfonyl)-N-methyl-L-tyrosyl]-4-phenylpiperazine) to clarify the physiological role of CaM
kinase I1 9.

Previous studies of protein kinases using human erythroleukemia K562 cells have mainly
focused on protein kinase C, cyclic AMP dependent protein kinase, myosin light chain kinase or
tyrosine kinases 10-15. No study of CaM kinase II in K562 has been reported. In this study we
show that CaM kinase II is found in K562 cells, and that using KN-62 in K562 cells we
investigate the role of the phosphorylation by CaM kinase II. A possible involvement of protein

phosphorylation by CaM kinase II in cell cycle of K562 cells is discussed.

EXPERIMENTAL PROCEDURES

Cells Culture - K562 cells were cultured in RPMI 1640 (Nissui) supplement with 50 uM
2-mercaptoethanol and 10% fetal calf serum (FCS). All cultures were kept in a humidified
atmosphere of 95% air, 5% CO» at 37°C 16

In preparation of K562 cells for cell growth and cell cycle analysis, KN-62 dissolved in 100%
dimethyl sulfoxide (DMSO) were added to culture medium. DMSO without KN-62 was added
to control cells. The final concentration of DMSO was 0.1% in culture medium. For cell growth
analysis, K562 cells were plated in a 3-cm dish at a density 1.4x105/dish with 5 ml of culture
medium containing various concentration of KN-62. After two days in these condition cell
numbers were counted.

Cell Cycle Analysis - For cell cycle analysis, synchrony was achieved by 1 pg/ml
aphidicolin block. After removal of aphidicolin, the cells were cultured in the absence or
presence of 10 pM KN-62. For flow cytometric analysis, cultured cells were harvested at 1000

r.p.m. for 5 min at room temperature. The cells harvest were washed with Ca2+- and Mg2+-free
phosphate-buffered saline (PBS) and collected. The harvests were suspend with small volume of
PBS and added 5 ml of PBS-ethanol (3:7) while mixing gently. After 60 min at room
temperature, cells were collected and washed twice with PBS. The cells were collected and
resuspended with 500 pl of 5 mg/ml RNase A (Sigma) and incubated for 30 min at 37°C. Cells
were harvested and stained by addition of an ice cold 2 ml of PBS containing 50 mg/ml
propidium iodide (Sigma) and stand on ice in the dark. After 30 min or more, Flow cytometric
analysis was carried out using a Coulter EPICS Profile flow cytometer. Ten thousand cells were
counted per analysis.

For mitotic (M) and G; standard, nocodazole or aphidicolin (Sigma) was added to culture
medium at a final concentration of 0.4 or 1.0 pug/ml, respectively. After 24hr, the cells were
prepared under the conditions as above.

Preparation of Cell Extracts and Western Blotting - K562 cells were collected and washed
twice with PBS. The cells were homogenized in 4 volumes of buffer A containing 40 mM Tris
(pH 7.5), 140 mM NaCl, 2 mM EGTA, 50 pg/ml trypsin inhibitor, and 0.1 mM PMSF, and
were ultrasonicated 20 sec/ml. The homogenates were centrifuged at 10600xg for 1 hr at 4°C.
The supernatant ("cell extract”) was collected, 15 pl of aliquots of the supernatant were subjected
to SDS-PAGE 17 and were electroblotted onto polyvinylidene difluoride (PVDF) membrane
(Millipore) in 48 mM Tris (pH 9.2), 39 mM glycine, 0.375 g/l SDS, and 20% ethanol at 15 V
for 30 min. Nonspecific binding of antibody was blocked by incubating the membrane with 1%
dry milk in PBS. Then the membrane was probed for 1 hr with 1 pg/ml of anti-CaM kinase I
antibody obtained by Tokumitsu et al 9 followed by three times washes with PBS containing
0.05% Tween 20 and treatment with peroxidase-labeled goat anti-rabbit IgG (MBL).
Subsequently, the membrane was washed three times with PBS and stained by 3,3'-
diaminobenzidine (Sigma) in the presence of hydrogen peroxide.
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Immunoprecipitation and Kinase Assay - To avoid nonspecific absorption 10 pl of protein
A coupled sepharose 4B (Pharmacia LKB) were added to 500 pl of the cell extract. After 2 hr at
4°C while gently mixing, the suspension was centrifuged 5000 r.p.m for 10 sec. And
supernatant was collected, then another 5 ul of protein A coupled sepharose 4B containing 1 pg
of anti- CaM kinase II antibody were added. After 12 hr at 4°C, the resin was collected and
washed three times with 500 pl of buffer A. The resin were then suspended with 300 pul of
buffer A. Using this suspended immunoprecipitates, CaM dependent protein kinase activity was
assayed in 35 mM HEPES (pH 8.0), 10 mM MgCly, 1 mM CaCl,, 0.1 uM calmodulin, 10 uM
ATP containing 3.7 kBq [gamma-32P]ATP (Amersham), and 20 pM syntide-2 as a substrate 18,
We incubated assay mixtures at 37°C for 15 min. Forty milliliter of reaction mixture was spotted
on phosphocellulose filter, then the filter were washed four times with 0.75% phosphoric acid,
and dried at 60°C. Radioactivity on the filter was counted by scintillation counter.

Phosphorylation in Sodium Dodecyl Sulfate-Polyacrylamide Gel - Phosphorylation
technique was carried out in the method of Kameshita et all9. Briefly 100 pl of suspended
immunoprecipitate resolved by SDS-PAGE with 10% acrylamide gel which contained 0.5 mg/ml
myosin light chain (MLC) from chicken gizzard. The gels were washed three times with 50 ml
of 50 mM Tris (pH 8.0), and 20% 2-mercaptoethanol for 20 min, and finally washed with 100
m! of 50 mM Tris (pH 8.0), and 5 mM 2-mercaptoethanol (buffer B) at room temperature. The
proteins were denatured three times in 50 ml of buffer B containing 6 M urea for 20 min. The
proteins were renatured with several changes of 100 m] of buffer B containing 0.04% Tween 40
at 4°C. After preincubation in 1.4 ml/lane of 40 mM HEPES (pH 8.0), 2 mM dithiothreitol, 5
mM MgCl,, 0.1 mM CaCly, 30 pg/ml calmodulin, and 10% DMSO with or without of various
concentration of KN-62 for 30 min at room temperature, gels were incubated in 1.4 ml/lane of
same solution containing 50 uM ATP, and 740 kBq [gamma-32P]ATP for 1 hr. After five times
washes with 50 ml of 5% trichloroacetic acid and 1% sodium pyrophosphate, the gels were
dried and exposed to Fuji imaging plate. Intensities of the radioactive bands of phosphorylated
MLC were quantitated using a Biolmage Analyser BAS 2000 (Fuji Film, Japan).

RESULTS
Effects of KN-62 on the cell growth and cell cycle of K562 cells

The addition of varying concentration of KN-62 or DMSO as a control to the culture
medium produced a dose-dependent inhibition of cell growth in K562 cells (Fig.1). The starting
cell number was 1.4x10° cells/3cm dishes. Two days after the addition of 10 uM KN-62 to

Total cell
Dead cell

Cell number (X160 ¢ cells / dish)

Control 1 2 5 10 S
Concentration of KN-62 (uM)
Fig. 1. Effect of KN-62 on K562 cell growth.
K562 cells were cultured in 3 cm dishes with 5 mi of culture medium containing 0 (Control), 1,
2,5 and 10 M of KN-62 and 0.1% DMSO. Starting number of cells were 1.4x106/dish (S).

Two days after, total cells and dead cells (stained by 0.25% trypan blue) were counted. The
error bars indicate 2 x standard deviation of triplicate measurements. Data were pooled from

three separate experiments.
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Fig. 2. Effect of KN-62 on K562 cell cycle.

K562 cells, arrested at G1/S boundary by 5 uM aphidicolin for 24 hr (0 hr), were cultured in the
absence (control) or presence of 10 uM KN-62. After 6, 12 and 24 hr, the cells were analyzed
by a Coulter EPICS Profile flow cytometer. Standard values of 2C (G1) and 4C (G2/M) in
profiles were measured as described in Experimental Procedures.

cultures, the cell growth of K562 cells were inhibited to 63% compared to that of control. This
inhibition by KN-62 was a dose-dependent. But no increase of dead cells was observed.

We used flow cytometry to assess the effect of KN-62 on the progression of K562 cells
through the cell cycle. Synchronized cells with aphidicolin released from G1/S boundary and
were cultured in the absence or presence of 10 uM KN-62 from 0 to 24 hr. K562 cells were
monitored by flow cytometric analysis of propidium iodide-stained cells (Fig.2). In control cells,
at 6hr after release, most of cells entered S phase. Twelve hours after major peak of population

profile were seen at end of S phase. After 24 hr the flow cytometric pattern almost returned to
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Fig. 3. Detection of 65 kDa protein in K562 cells.

K562 cells were homogenized with 4 volume of Buffer A and were ultrasonicated 20 sec/ml and
centrifuged at 10600xg for 60 min at 4°C. 15 pl aliquot of the supernatant were applyed to SDS-
PAGE. Lane M: MW marker. Lane A: protein staining by Coomassie blue. Lane B:
immunoblotting using anti-CaMK I antibody.

Fig. 4. Ca?*/calmodulin dependency on kinase activity of 65 kDa protein .

65 kDa protein was purified as described in Experimental Procedures. Suspended
immunaoprecipitates were directly applied to kinase assay using syntide-2 as a substrate (panel
A). Immunoprecipitates were boiled with Sample buffer at 100°C for 2 min and was
electrophoresed on SDS-polyacrylamide slab gel consisting of 10% acrylamide separation gel
containing 0.5 mg/ml myosin light chain. Phospholyration was done under the condition of
Experimental Procedures. 32P incorporation was visualized using Fuji BAS 2000 system (panel
B). EGTA and Ca2+/calmodulin in each panels were in the absent and the preset of CaM,
respectively.

the pattern before synchronization. On the other side, substantial changes occurred in KN-62
treated cells. At the release from aphidicolin the peak of population profile was no different from
that of control cells, but even 24 hr after release the major peak still remained in the end of S
phase. This result indicates that KN-62 blocked cell cycle progression and caused an
accumulation of cells in S phase, as compared with control cells.
Isolation of Ca?*/calmodulin dependent protein kinase Il from K562 cells by
immunoprecipitation

We examined the presence of the Ca?*/calmodulin dependent protein kinase II (CaM
kinase II) in K562 cells using the anti-CaM kinase II antibodies 9. We confirmed that this
antibodies possessed reactivity toward both a and b subunits of CaM kinase 11 by Western
blotting using the soluble fraction of rat bovine brain as a standard, and no inhibitory effect on
the kinase activity of CaM kinase II (data not shown). As shown in Fig.3, an apparent Mr of
65kDa protein which reacted with the antibodies was detected in K562 cell extracts by

immunoblotting. No other protein reacted with the antibodies.
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Fig. 5. Effect of KN-62 on kinase activity of 65 kDa protein.

Suspended immunoprecipitates were boiled with Sample buffer at 100°C for 2 min and was
electrophoresed on SDS-polyacrylamide slab gel consisting of 10% acrylamide separation gel
containing 0.5 mg/ml myosin light chain (MLC). Kinase activity was assayed by activity gel
method in the presence of 0, 0.2, 0.6, 2.0 and 6.0 uM of KN-62.

The CaM dependency of the kinase activity were investigated using synthetic peptide, syntide-2,
as a substrate. Fig.4A shows that the immunoprecipitated protein had a syntide-2
phosphorylation activity in the presence of Ca2* and calmodulin. No or scanty activity was
found in the absence of Ca?* and calmodulin. Autophosphorylation activity was detected in the
presence of Ca?+ and calmodulin as shown in Fig.4B.

The effect of KN-62 on phosphorylation activity

Then we examined the effect of KN-62 on the activity of this kinase with
immunoprecipitates on electrophorated, renatured protein in SDS-PAGE gel using chicken
gizzard myosin light chain as a substrate. As shown in Fig.5, KN-62 inhibited this kinase
activity in a dose dependent manner. The concentration of KN-62 producing 50 % inhibition
was estimated apparently to be 1.8x10°5 M. This value is close to the reported dose to the

purified CaM kinase II from rat brain 9.

DISCUSSION

In previous report, many Ca2*/calmodulin-dependent protein kinases were identified 20-
32, We reported one of these kinases, CaZ*/calmodulin-dependent protein kinase V (CaM kinase
V) 33, Patterns of distribution for each CaM kinases differ among tissues. It is of interest to note
that which kinases K562 cells contain. In the present study we demonstrated that
immunoreactive protein kinase with anti-CaM kinase II antibodies was detected in K562 cells

(Fig.4). The antibodies which used in this study didn't react with CaM kinase V (data not
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shown). And KN-62 , a potent specific CaM kinase II inhibitor, inhibited the kinase activity
with myosin light chain as a substrate in a dose-dependent manner (Fig.5). From these results
we concluded that the characters of this kinase are very similar to CaM kinase II which was
purified from rat brain 32. But the molecular weight of this kinase differ from any subunits of
CaM Kkinase II from rat brain. This finding suggests that this kinase is another isoenzyme of
CaM kinase II.

KN-62 inhibited the cell growth of K562 cells in a dose-dependent manner (Fig.1), and
prolonged S phase (Fig.2). We examined the effect of CaM kinase I on DNA polymerase a
activity 34, but no significant effect was observed (data not shown). These result suggests that
the phosphorylation by CaM kinase II may play an important role in the control of cell growth

and progression of cell cycle of K562 cells.
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