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1. ABSTRACT

Nuclear kinase Il (nuclear casein kinase 2) isa
multifunctional, second messenger-independent protein
serine/threonine kinase that phosphorylates many different
nuclear proteins, including high mobility group (HMG)
proteins, heterogeneous nuclear ribonuleoprotein (hNRNP)
fractions, and nuclear matrix proteins, but not histones.
The enzyme appears to be essential in growth regulation.
However, it is not clear how the enzyme is regulated in
vivo. To understand the regulation of this enzyme, we
have searched for possible effectors for this enzyme.
Spermine, at physiological concentrations, significantly
stimlulates nuclear protein phosphorylation catalyzed by
nuclear kinase Il (NIl kinase). Using various subnuclear
fractions as substrates, we showed that the stimulatory
effect of spermine was confined only to nuclear matrix
proteins. Thus, spermine at 1 mM stimulated a >5-fold
increase in nuclear matrix phosphorylation, but had little
or no effect on the phosphorylation of HMG and hnRNP
proteins catalyzed by NIl kinase. Similarly, the inhibitory
effect of heparin on NI kinase reaction was also substrate-
dependent and appeared to be limited to nuclear matrix
proteins. Previously, we have shown that spermine
inhibits the phosphorylation of the 11,000- and 10,000-
dalton nuclear protein catalyzed by NI kinase. Both of
these low molecular weight proteins exist in nuclear
matrix fraction. Taken together, our data suggest that NI
and NIl kinase may be regulated by spermine in vivo and
that nuclear matrix proteins appear to be the primary
target for such aregulation.

2. INTRODUCTION

NIl Nuclear kinase is casein kinase 2 (CK2)
present in the nucleus. Casein kinase 2 is a a second
messenger-independent, multifunctional protein kinase
capable of using acidic proteins such as phosvitin and
casein as substrates but unable to phosphorylate basic
proteins such as histones and protamines (1). The nuclear
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localization and the ubiquitous presence of NIl nuclear
kinase in eukaryotes, from yeast to mammalian cells,
suggest that this enzyme may have important physiological
functions. Although little is known about the regulation
and function of CK2, studies from many laboratories have
suggested that it may have an important role in regulating
transcription and mitosis (2).

NIl kinase has been shown to phosphorylate
many important growth-related proteins such as c-fos (3) ,
p53 (4), and other transcription factors (2). CK2 consists
of an apha-cataytic subunit (Mr 35K-44K), and beta-
regulatory subunit (Mr 25K-28K) arranged as an
alpha2beta? heterotetramer (5). Since the enzyme appears
constitutively expressed, it has been difficult to determine
whether and how the enzyme activity is regulated in vivo.
Nevertheless, it has been shown that the CK2 activity is
required for progression of the cell cycle (6, 7), suggesting
that the enzyme activity is regulated during cell growth.
One mechanism of regulation is through the presence of
smal positive or negative effectors. A number of
inhibitors of NIl nuclear kinase have been identified,
including heparin,  2,3-biphosphoglycerate, inositol
hexasulfate, and poly(U) (1). The physiologica relevance
of these inhibitors, however, has yet to be established.
Other studies have shown that polyamines, particularly
spermine, stimulate the phosphorylation of casein
catalyzed by NIl kinase (8). Polyamines (putrescine,
spermidine, and spermine) are naturally occurring organic
cations widely distributed in living organisms (9, 10).
Studies from many laboratories have indicated that
polyamines are essential for growth and play an important
regulatory role in various biological processes (9-11).
Thus, it is possible that polyamines may serve as a
physiological effector of NIl kinase. This notion is
particularly tempting in view of the abundance of
spermine in the nucleus (12) and possible role of nuclear
protein phosphorylation in regulating gene expressions (2).

We have previoudly reported that spermine at
physiological concentrations has a dua effect on the
endogenous protein phosphorylation pattern of nuclei
isolated from NB-15 mouse neuroblastoma cells.
Spermine  stimulates nuclear
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TABLE 1. Effects of various polyanions on the activity of nuclear NII protein kinase isolated from NB-15 mouse neuroblastoma

cells

POLYANION (microgram/ml) SPERMINE (1 mM) % ACTIVITY
Heparin (0.1) - 35
Heparin (0.5) - 19
Heparin (0.5) + 111
Poly (U) (150) - 7
Poly (U) (150) + 17
Poly (A) (150) - 80
Poly (A) (150) + 143
DNA (150) - 46
DNA (150) + 135

The chemicals to be tested were added to the standard phosphorylation assay mixture for NIl kinase as described in
"Experimental Procedures’. Results are the average of dulplicate measurements, expressed as per cent of control in the

absence of added polyanions.

phosphorylation but strongly inhibits the phosphorylation
of two low molecular weight nuclear proteins, the 11,000-
and 10,000- dalton proteins (13). We subsequently showed
that the 11,000- and 10,000~ dalton proteins are exclusive
substrates of NI kinase, and spermine specifically inhibits
the NI catalyzed phosphorylation (14). In this paper, we
show that the stimulatory effect of spermine on the
phosphorylation of other nuclear proteins is mediated with
NIl nuclear kinase. We aso provide evidence that the
stimulatory effect of spermine in nuclear protein
phosphorylation is largely confined to nuclear matrix
proteins.

3. MATERIALS AND METHODS

3.1. Purification of NIl nuclear kinase

Nucleoplasm was prepared by extraction of
isolated nuclei as previously described (13), and dialyzed
against buffer B (20 mM TrissHCI, pH 8.0, 0.1 mM
EDTA, 10 mM beta-mercaptoethanol, 10% glycerol and
0.25 mM PMSF) containing 0.3 M NaCl. It was then
concentrated by an Amicon stirred cell equipped with a
PM-10 membrane. The concentrated nucleoplasm was
chromatographed twice through phosphocellulose column
(1.5 x 20 cm) as previoudy described (13, 14). Active
fractions were pooled and 400 micrograms of Pentax BSA
(Fraction V) was added. They were then concentrated and
stored at 4° C in buffer B containing 0.65 M NaCl. Under
such conditions the enzyme activity could be preserved up
to six months.

3.2. Phosphorylation of nuclear fractions
exogenously added NII nuclear kinase

Nuclei and various subnuclear fractions
(hnRNP and the HMG and matrix proteins) were prepared
as previously described (14). They were briefly heated
(65° C for 5 min) to inactivate the endogenous kinase
activities before being used as kinase substrates. The
phosphorylation  mixture generaly contained 20
microliters of substrate, 5 to 10 units of NIl kinase, 50
micromolar ATP (2.5 x 106 cpm/nmol), 5 mM MgCI2, 1
mM DTT, 30 mM NaCl in 50 mM TrissHCI (pH 7.4).
The reaction mixture was incubated at 30° C for 15 min
and then processed for SDS-PAGE and autoradiographic
anaysis.

using

3.3. Other procedures
Tissue culture, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, autoradiography, and
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immunoblotting were carried out as described (14).
Protein concentration was determined by the method of
Bradford (15).

4. RESULTS

4.1 Purification and characterization of the NII
nuclear kinase

Nuclear protein kinase NIl from NB-15 cells
was purified 706-fold over the total casein kinase activity
present in the nucleoplasm after a consecutive
phosphocellulose column chromotography. The specific
activity of the purified NIl kinase was 100 units per
microgram protein (1 unit=amount of enzyme catalyzing
the transfer of 1 pmol of phosphate from ATP to
dephosphorylated casein per min at 30° C, pH 7.4). When
the NIl kinase isolated from NB-15 cells was analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and silver staining, three bands of apparent molecular
weights, 44,000, 40,000, and 26,000 were observed (data
not shown). This subunit composition matches that
reported for casein kinase Il purified from other sources
(16). When NII kinase activity was measured at saturating
concentrations of casein (2 mg/ml), a Km vaue of 13
micromolar was found for ATP. Similarly, a Km vaue of
0.85 mg/ml and Vmax value of 5.3 pmol/min was found
for casein when NIl kinase activities were measured at
saturating concentration of ATP (50 micromolar). These
values are in agreement with that reported for casein
kinase Il isolated from other sources (1, 16). Among the
three commonly used non-physiological substrates for
kinase assay, NIl kinase phosphorylated both alpha-casein
and phosvitin but not histone (data not shown). Spermine
at 1- 2 mM only stimulated the phosphorylation of apha-
casein but not phosvitin. Kinetic measurement indicated
that upon addition of 2 mM spermine, the Km value of NII
kinase for a pha-casein was reduced by 11% to 0.76 mg/ml
but Vmax was almost doubled to 10.4 pmols/min (data not
shown). Among the polyanions examined, heparin was
the most potent inhibitor which completely abolished NII
activity at a concentration of 0.5-1 mg/ml (Table 1). The
inhibition could be reversed by spermine at 2 mM (Table
1). Poly (A), poly (U), and calf thymus DNA aso
inhibited NIl activity but were less effective than heparin
(Table 1). Interestingly the addition of spermine to the
assay mixture reversed the inhibitory effects of poly (A)
and cal thymus DNA, but not that of poly (U), indicating
that factors other than counterion interaction were
involved in the action of spermine.
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Figure 1. Nuclear protein phosphorylation by endogenous
and exogenously added nuclear kinases. Nucleoplasm
without (lanes A and B) or with (lanes C-E) prior heat
treatment was added to the phosphorylation assay mixture.
The fina protein concentration was 4 mg per ml. Lane A,
no addition; lane B, 6 units NIl added; lane C, no addition;
lane D, 8 units of NIl kinase added; lane E, 8 units of NII
kinase and 1 mM sperimne added.
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Figure 2. Effect of spermine on phosphorylation of the
HMG proteins by NIl kinase. The HMG fraction (16
microgram proteins) was added to the standard assay
mixture containing 30 pg/ml bovine serum albumin and 6
units of NII kinase. Activity was assayed in the presence
of the following additions: Lane A, no addition; lane B. 1
mM spermineg; lane C, 2 mM sperming; lane D, 4 mM
sperming; lane E, 6 mM sperming; lane F, 10 mM
putrescine; and lane G, 0.5 microgram/ml heparin. Inlane
H, HMG fraction alone was added to the assay mixture, no
NII kinase added.

4.2 NIl kinase catalyzed phosphorylation of nuclear
proteins

Although casein and phosvitin have been
commonly used as protein substrates for NIl kinase (or
casein kinase I1), neither of which are nuclear proteins. To
search for possible physiological protein substrates, we
first examined the phosphorylation pattern by adding NIl
kinase to nuclear extracts. Figure 1 (lane B vs lane A)
shows that addition of NII did not significantly ater the
endogenous protein phosphorylation pattern due to high
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endogenous protein kinase activity in nucleoplasms.
However, brief heat treatment completely abolished al
endogenous kinase activities (Figure 1, lane C), but did
not affect the ability of nuclear proteins to function as
substrates for exogenously added NIl kinase (Figure 1,
lane D). The nuclear protein phosphorylation pattern
generated by NIl kinase closely resembled that of the
endogenous phosphorylation except in the low molecular
weight region (Figure 1, lanes D vs A). Spermine at
ImM significantly stimulated the NIl kinase catalyzed
phosphorylation of nuclear proteins (Figure 1, lanes E vs
D).

4.3 Phosphorylation of subnuclear fractions by NII
nuclear kinase

To further examine the nature of these
phosphorylated nuclear proteins, nuclei were fractionated
into three subnuclear fractions: (i) the high mobility group
(HMG), (ii) the heterogeneous nuclear ribonucleoprotein
(hnRNP) and (iii) the nuclear matrix proteins. HMG
represents a family of architectural proteins that may be
involved in transcriptiona regulation of genes (17). The
effects of spermine and heparin on NIl catayzed
phosphorylation of HMG proteins are shown in Figure 2.
The addition of NIl kinase to the HMG fraction resulted in
the phosphorylation of a number of HMG proteins (Figure
2, lane A). The most prominently phosphorylated protein
substrates of NIl kinase were of apparent Mr 46,000,
20,000, 18,000, and 16,000 (Figure 2, lane A). The
20,000, 18,000, and 16,000-dalton bands were identified
as HMG 14a, 14b, and 17 protein respectively based on
their position on the 15% sodium dodecyl sulfate-
polyacrylamide gel (18). Addition of spermine up to 6 mM
had neither stimulatory nor inhibitory effect on the
phosphorylation of HMG proteins catalyzed by NIl kinase
(Figure 2, lanes B to E). Addition of heparin (0.5 mg/ml)
aso had no effect on the NIl catalyzed phosphorylation of
HMG proteins (Figure 2, lane G). Interestingly, HMG
proteins are very poor substrates for NI kinase (14).

Heterogeneous nuclear ribonucleoproteins or
hnRNPs represent a class of about 20 major polypeptides
that may be involved in post-transcriptional events such as
regulated splicing and mRNA export (19). The hnRNP
fraction contained high endogenous kinase activity (Figure
3, lane A). Brief heat treatment completely abolished the
endogenous kinase activities (Figure 3, lane B). The
addition of NIl kinase added to the heated hnRNP fraction
phosphorylated many proteins and yield an amost
identical phosphorylation pattern as that of endogenous
phosphorylation (Figure 3, lanes C vs A). Spermine had a
dlight stimulatory effect and heparin had a slight inhibitory
effect on the action of NIl kinase on hnRNP
phosphorylation (Figure 3, lanes D and E vs C).

The nuclear matrix fraction isolated from
NB-15 cells included proteins of apparent Mr of 110,000
72,000, 68,000 and 62,000 and exhibited similar protein
profile as that prepared from other sources (20). Nuclear
matrix represents a structural framework of the nucleus
and isimplicated in DNA replication and RNA processing
(21). The endogenous kinase activity associated with the
nuclear matrix fraction was insignificant (Figure 4, lane
A). Addition of NII kinase to the unheated nuclear matrix
resulted in the phosphorylation of many proteins, most
notably, a 55,000-dalton protein (Figure 4, lane B).
Spermine at 2 mM stimulated the NI kinase-catalyzed the
phosphorylation of all these proteins (Figure 4, lane C).
The stimulatory effect of spermine was significant and
estimated to be more than 5-fold based on densitometric
tracing. Addition of 10 mg/ml heparin resulted in
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Figure 3. Effects of spermine andheparinon the
phosphorylation of the hnRNP  fraction by NIl Kinase.
Lane A, endogenous phosphorylation of hnRNP.
Heat-treated hnRNP fraction (2 mg/ml) was used in lanes
B-E: lane B, no addition; lane C, 6 units NIl kinase added;
lane D, 6 units NIl kinase and 2 mM spermine added; lane
E, 6 units NIl kinase and 10 microgram/ml heparin added.
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Figure 4. Effects of spermine and heparin on the
phosphorylation of nuclear matrix proteins by NIl kinase.
Nuclear matrix (0.7 mg/ml protein) was added to the
standard assay mixture containing 30 microliter/ml bovine
serum albumin. Lane A, nuclear matrix fraction alone;
lane B, 4 units NIl kinase added; lane C, 4 units NIl
kinase and 2 mM spermine added; lane D, 4 units NIl
kinase and 10 microliter/ml heparin added.
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significant inhibition of the phosphorylation (Figure 4,
lane D).

5. DISCUSSION

Nuclear protein kinase NI and NIl are both
ubiquitously present in eukaryotes and their activities
appear to be independent of the regulation by any known
second messengers (1, 2). Both enzymes are known to be
able to phosphorylate casein, phosvitin but not histones
(). Although both enzymes appear to be abundantly
localized in the nuclei, their precise physiologica
functions are not clear. The identification of their native
substrate proteins and the search for their physiological
effector(s) should facilitate our understanding of the
physiological roles of these two enzymes.

In the present study, we showed that NII
nuclear kinase could phosphorylate proteins in HMG,
hnRNP and nuclear matrix (Figures 2-4), and appeared to
have a broader substrate spectrum than that of NI kinase
(14). The effects of spermine on the phosphorylation of
these three subnuclear fractions, however, were very
different. Thus, spermine only stimulated the NIl kinase-
catalyzed phosphorylation of nuclear matrix proteins, and
had little or no effect when other subnuclear fractions
were used as substrates. We have previously shown that
spermine specifically inhibits the phosphorylation of the
11,000- and 10,000-dalton proteins catalyzed by NI kinase.
It is of interest to note that these two low molecular weight
proteins also exist in nuclear matrix fraction. The nuclear
matrix has been shown to be the site of DNA replication
(21, 22). Phosphorylation and dephosphorylation of
nuclear matrix proteins could affect their binding to
double-stranded or single stranded DNA (22). The fact
that the specific and opposing effects of spermine on the
actions of NI and NII kinase are localized only on nuclear
matrix proteins may not be coincidental.

The finding that polyanions such as DNA, poly
(U) and poly (A) could affect NIl kinase catalyzed
reactions, offers an interesting possibility that DNA and/or
RNA may affect the phosphorylation status of their own
binding proteins through their interaction with NIl kinase.
The difference in the inhibitory effects between poly (A)
and poly (U) and the observation that spermine could
reverse the inhibitory action of poly (A), and caf-thymus
DNA, but not poly (U) also suggested that the inhibitory
actions of these polyanions were not merely due to their
negative charges.

In summary, many other protein kinases are
regulated by various effectors such as cAMP, cGMP, and
Caz+. In view of the abundance of spermine in nucleus (9,
13), its diverse physiological effects in vitro and in vivo,
and its specific but opposing effects on NI and NIl kinase,
it is tempting to propose that spermine may serve as the
physiologica modulator for both NI and NIl kinases.
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