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The nuclear protein kinase NI (NI kinase) was puridecrease in ornithine decarboxylase activity and polyamine
fied from NB-15 mouse neuroblastoma cells by phos- content (41,polyamine transport ( 5 ) ,metabolic labeling of an
phocellulose column and casein affinity column chro- 18,000-daltonprotein (6), and an increase of putrescine to ymatography. The purified NI kinase exhibited ( i ) an amino butyric acid conversion (6). Moreover, we found that
apparent subunit molecular weight of about 37,000, a-monofluoromethyl ornithine,a mechanism-based suicide
( i i ) autophosphorylation, and ( i i i ) insensitivity to in- inhibitor of ornithine decarboxylase, acts synergistically with
hibition by heparin.When NI kinase was
added to heat- suboptimal concentrations of dibutyryl CAMP in eliciting a
treated neuroblastoma nucleiin thepresence of [ Y - ~ ~ P ]
ATP, two proteins with apparent subunit molecular maximal differentiation of mouse neuroblastoma cells (7).
weights of 11,000 and 10,000 were
prominently phos- However, the precise molecular action of polyamines in the
phorylated. Other protein kinases tested includingthe differentiation of mouse neuroblastoma cells remains to be
nuclear protein kinase NII, Type I CAMP-dependent defined.
Phosphorylation-dephosphorylation of nuclear proteins,
protein kinase, and protein kinase C did not catalyze
the phosphorylation of these two proteins. The NI ki- either histones or nonhistone proteins, occurs ubiquitously in
nase-catalyzed phosphorylation of these two proteins eukaryotic cells and appears to be intimately related to the
was completely inhibited by 1 mM spermine. In con- regulation of gene expression (8-10). That polyamines may
trast, 10 mM putrescine, 2 mM spermidine, 5 mM argi- exert some of their growth regulatory effects by affecting
nine, and 10 mM NH&l, had no inhibitory effect on nuclear protein phosphorylation is suggested by results of the
this phosphorylation reaction. Our study also indicated
following experiments: (i) polyamines affect the endogenous
that the phosphorylation of the 11,000- and 10,000- protein phosphorylation pattern of chromatin fractions isodalton proteins occurred in the nuclear matrix fraction
lated from various organisms (11-16), and (ii) polyamines
but not in heterogeneous nuclear ribonucleoproteins,
have been shown to stimulate certain proteinkinase activities
high mobility group proteins, or histone fractions.
We including NII nuclear kinase/casein kinase I1(17, 18) and
have previously reported that spermine specifically affect other cyclic nucleotide-independent protein kinases
inhibits the endogenous phosphorylation
of an 11,000- (19). We have previously reported that polyamines, particudalton nuclear protein in various mammalian cell lines
larly spermine, inhibit the endogenous phosphorylation of
(Chen, K. Y., and Verma, R. (1984) Biochem. Biophys.
Res. Commun. 118, 710-716). The present study sug- 11,000- and 10,000-dalton nuclear proteins in NB-15 mouse
gests that the11,000- and 10,000-dalton nuclear pro- neuroblastoma cells and other cell lines (20, 21). The promiteins may be native substrates of nuclear protein ki- nence and apparent ubiquity of the phosphorylation of the
nase NIand that their
phosphorylation can be affected 11,000- and 10,000-dalton proteins, together with the specificity of the inhibitory action of polyamines, prompted us to
by physiological concentrations of spermine.
search for the native kinase system(s) which phosphorylate
these two proteins. In this paper, we report that purified NI
nuclear kinase can phosphorylate these two proteins in nuPolyamines (putrescine, spermidine, and spermine) are nat- clear preparations whose endogenous kinase activity has been
phosphorylation
urally occurring organic cations widely distributed in living inactivated by brief heat treatment and that
organisms (for reviews see Refs. 1-3). Abundant evidence has is inhibited by spermine at physiological concentrations.
been reported in the literature indicating that polyamines These data suggest that the 11,000- and 10,000-dalton proplay a very important role in growth regulation of eukaryotic teins may be native substrate proteins for the endogenous NI
and prokaryotic cells (1-3). We previously reported that the nuclear kinase.
differentiation of mouse neuroblastoma cells is accompanied
EXPERIMENTALPROCEDURES
by significant changes in polyamine metabolism which include
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Cell Culture-NB-15mouse neuroblastoma cells weregrown as
monolayer cultures in Dulbecco’smodifiedEagle’smedium
(with
4500mgof glucose/liter) supplemented with 10% fetal calf serum
under conditions previously described (21). Cells at 80-90% confluency were used for all studies described.
Preparation of Intact Nuclei-Approximately 3.0 X lo9 NB-15 cells
were harvested, washed, and freeze-thawed once in 145 ml of a
homogenization buffer containing 0.05 M Tris-HC1 (pH 7.4), 0.25 M
sucrose, 3 mM MgClz, 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride (Buffer A). The homogenate was centrifuged at 1,000
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x g for 5 min, and thepellet was washed once with Buffer A containing
0.25% Triton X-100. The pellet was resuspended in the same buffer,
mixed with a 2.2 M sucrose solution containing 0.01 M MgC12 and
0.05 M Tris-HC1 (pH 8.0), and centrifuged a t 25,000 rpm in a SW
28.1 Beckman rotor for 70 min at 4 "C. The pellet contained greater
than 95% intact nuclei as judged by phase contrast microscopy.
Preparation of Nucleoplasm-The purified nuclei were extracted
twiceby resuspending in a hypotonic solution containing 75 mM
NaCI, 25 mM EDTA (pH 8.0), and 0.5 mM phenylmethylsuifonyl
fluoride followed by centrifugation a t 8000 X g for 10 min. The peIIet
obtained was further extracted four times with 10 mM Tris-HC1 (pH
8.0) containing 0.5 mM phenylmethylsulfonyl fluoride and centrifuged
at 8000 X g for 10 min. The supernatant solutions were combined
and dialyzed against Buffer B (20 mM Tris-HC1 (pH 8.0), 0.1 mM251
EDTA, 10 mM 0-mercaptoethanol, 10% glycerol, and 0.25 mM phenylmethylsulfonyl fluoride) containing 0.3 M NaC1.
Purification of the N I Nuclear Kinase-NI nuclear kinase was
purified from NB-15 mouse neuroblastoma cells using nucleoplasm
as the starting material. Nucleoplasm was concentrated by pressure
filtration using an Amicon concentrator equipped with a PM 10
membrane. The concentrated nucleoplasm was then loaded onto a
phosphocellulose column (1.5 X 20 cm) equilibrated with Buffer B
containing 0.3 M NaCl. The column was then washed with 100 ml of
the same buffer and theneluted with a linear salt gradient of 0.3-1.0
M NaCl in Buffer B. The kinase activity was measured in an assay
mixture of 75 p1 containing 50 mM Tris-HCI (pH 7.4), 5 mMMgC12,
1 mM dithiothreitol, 50 PM [ T - ~ ~ P I A T100
P , mM NaC1, and 2 rng/ml
of dephosphorylated a-casein. The reaction was incubated at 30 "C
for 15 min. At the end of this reaction, the acid-insoluble radioactivity
was determined by the standard filter paper assay (22). The elution
profile shown in Fig. 1A indicated aresolution of two peaks of protein
kinase activity. Peak I, eluted at 0.5 M NaCl, was found to be heparininsensitive and was used for further purification of the NI nuclear
kinase. The fractions in peak I were pooled, concentrated, dialyzed
against Buffer B containing 0.01 M NaCl for 4 h, and loaded onto a
casein-Sepharose column (0.7 X 3 cm) that was equilibrated with the
same buffer. The kinase was left to stand on the column for 1 h
before being eluted with a linear gradient of 0.01-1.0 M NaCl in
Buffer B. NI kinase activity was eluted at 0.5 M NaCl (Fig. 1B) and
was immediately concentrated by pressure filtration. The enzyme was
most stable at 4 "C in 0.5 M NaCl in Buffer B containing 0.2 mg/ml
of bovine serum albumin. Storage in a buffer of lower ionic strength
leads to a gradual loss of activity even in thepresence of bovine serum
albumin.
Protein Phosphorylation and Gel Electrophoresis-Protein phosphorylation was carried out in the standardassay mixture for protein
kinase activity as described above. Where indicated, exogenous substrate proteins, including dephosphorylated a-casein, histones, phosvitin, or heat-treated nuclei, were added to the assay mixture. The
amount of substrate and protein kinase added is indicated in figure
legends. For endogenous protein phosphorylation, isolated nuclei were
used as both enzyme and substrate source. Assays were terminated
by the addition of l/s volume of 50 mM Tris-HC1 buffer (pH 7.2)
containing 10%(3-mercaptoethanol,50% sucrose, 15%sodium dodecyl
sulfate, and 0.005% pyronin Y. Samples were heated a t 100 "C for 3
rnin, and the pattern of protein phosphorylation was analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and autoradiography (23). The gels were either stained with Coomassie Blue
or silver stained by the method of Oakley et aE. (24). Autoradiograms
were made by exposing the dried gel on a Kodak x-ray film for an
appropriate length of time.
Subnuclear Fractionation-Nuclei purified from NB-15 mouse neuroblastoma cells were used for subnuclear fractionation a t all times.
Nuclear matrix was prepared by the method described by Berezney
(25). Briefly, the purified nuclei were suspended in a sucrose buffer
(0.25 M sucrose, 20 mM Tris-HCI (pH 7.4), and 5 mM MgCl.,) and
digested with DNase I (Worthington) a t 5 pg/ml for 10 min at room
temperature and then far 2 h a t 4 "C. The digested nuclei were then
extracted sequentially with a low salt buffer (0.2 mM MgCI2, 10 mM
Tris-HCI (pH 7.4) and twice with a high salt buffer (2 M NaCI, 0.2
mMMgCI2, 10 mM Tris-HC1 (pH 7.4)) followed by one extraction
with 1%Triton X-100 in the low salt buffer. The Triton X-100
insoluble pellet was further washed and resuspended in the low salt
buffer and used as nuclear matrix. The preparation was enriched in
proteins with apparent molecular weights of 110,000,72,000, 68,000,
and 62,000 (Fig. 7b, lane B ) as reported for nuclear matrix prepared
from other sources (25).

TABLE

I

Purification of nuclear protein kinase NI from NB-I5 mouse
neuroblastoma cells
Protein kinase activity was measured in the standard assay mixture
containing 25 ~1 of each fraction as described under "Experimental
Procedures" using a-casein (2 mg/ml) as a substrate. One unit is
defined as the amount of enzyme which catalyzed the incorporation
of 1 pmol of phosphate from [-Y-~'P]ATPinto dephosphorylated
7.4.
casein/min at 30 "C and at pH
Fraction

Total
Specific
protein
cationactivity
activity
mg

Nuclei
Nucleoplasm
Phosphocellulose
Casein-Sepharose

unitsfmg

47 6,660
1.5

6.9
140

Total

Yield

units

%

1,740

(100)'
100
(382)

2,400 55 3,650

0.01 180,000

1,800

Purifi-

-fold
(1)"
1
(21)

17
(210)
27
(103)

(350)
990
(20, 300)

Numbers in the parentheses indicate values that would be obtained if purification were calculated starting from the nuclei instead
of the nucleoplasm.
The hnRNP' particles were prepared according to the method of
Samarina et al. (26). Briefly, the purified nuclei were washedin Buffer
A containing 0.25% Triton X-100. The washed nuclei were gently
stirred in a buffer containing 10 mM Tris-HCI (pH 7.0), 100 mM
NaC1, 1mM MgC12, and 1mM dithiothreitol at 4 "C for 20 min. The
pellet was then extracted three times with the same buffer (pH 8.0
instead of 7.0) at room temperature. The extracts were pooled, concentrated, and stored at -70 "C. The preparation, though not pure,
did exhibit an enrichment in proteins characteristic of the hnRNP
fraction, particularly the C-proteins with apparent molecular weights
of 44,000 and 42,000 (Fig. 76, lane H ) .
The HMG proteins were prepared according to the method of
Paulson and Taylor (27). The nuclei were extracted with 5% perchloric acid and centrifuged at 10,000 X g for 15 min. HMG proteins were
then obtained by precipitation at 20% of trichloroacetic acid. The
pellet was washed twice with acetone, dried, resuspended in distilled
HzO, and stored frozen. The gel electrophoresis of HMG proteins was
carriedout according to theprocedure described by Bhorjee (28) using
a 15%polyacrylamide gel as shown in Fig. 8.
Other Procedures-Dephosphorylated a-casein was prepared according to the procedure of Thornburg and Lindell (29). CaseinSepharose affinity resin was prepared by the method of FarronFurstenthal and Lightholder (30). Protein concentrations were determined by either the Lowry method (31) or the method of Bradford
(32).
Materials-Putrescine, spermidine, spermine, phenylmethylsulfonyl fluoride, dithiothreitol, and other biochemicals were purchased
from Sigma. All tissue culture media and sera were obtained from
Gibco Laboratories. [y3'P]ATP (3000 Ci/mmol) was purchased from
Amersham Corp. Protein kinase C and Type I CAMP-dependent
protein kinase were generous gifts of Dr. A. Cheng (National Cancer
Institute, NIH) and Dr. A. Y . C. Liu (Rutgers University), respectively. Monospecific antiserum against calf thymus casein kinase I
was kindly given to us by Dr. M. E. Darmus (University of California,
Davis). NII nuclear kinase was purified from NB-15 mouse neuroblastoma cells.*
RESULTS

Purification and Characterization of the NI Nuclear Kinase-Nuclear protein kinase NI was purified 986-fold over
that of casein kinase activity presentin nucleoplasm by
phosphocellulose and casein-Sepharose affinity column chromatography (Table I). The increase of the total activity in
nucleoplasm (6,659 units) over that of the nuclei (1,743 units)
was probably due to removal of some inhibitory substances.
The NI kinase purified from NB-15 mouse neuroblastoma

' The abbreviations used are: hnRNP, heterogeneous nuclear ribonucleoproteins; HMG, high mobility group proteins.
R. Verma and K. Y. Chen, manuscript in preparation.
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cells shared the following characteristics with NI kinase and
casein kinase I purified from other sources (33,34). ( i )It was
eluted at 0.5-0.6 M NaCl on a phosphocellulose column (Fig.
1A). Many protein kinases bind to the
phosphocellulose column, but nearly all of them except casein kinases I and I1 (or
NI and NIInuclear kinases) canbe eluted by the 0.3 M NaCl
wash (35,36). ( i i )It had an apparent subunit
molecular weight
of 37,000 on sodium dodecyl sulfate-polyacrylamide gel (Fig.
2, lane A ) as determinedby immunoblotting procedure using
a monospecific antiserum againstcalf thymus casein kinase I
(a gift of Dr. M. E. Dahmus). This result indicates that our
nuclear kinase preparation and calf thymus casein kinase I
are immunologically related. Since our enzyme was isolated
from purified nuclei,
we designated it as nuclear protein kinase
NI using the nomenclature of Desjardins et al. (37). (iii) It
underwent autophosphorylation(Fig. 2, lane B ) . ( i u )Heparin,
a potent inhibitor of NII nuclear kinase/casein kinase I1 (38),
was not effective in inhibiting its activity (Fig. 3). We have
also tested theeffects of CAMP, cGMP,Ca*+/calmodulin, and
Ca”/phosphatidylserine on NIkinase activity andfound that
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FIG. 2. A, sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotting of NI kinase. Electrophoresis of caseinSepharose purified NI kinase was carried out onalinear
7-15%
polyacrylamide gel as described under “Experimental Procedures.”
The subunits from the gel were transferred to nitrocellulose paper
essentially by the method of Towbin et al. (44) except that 0.1%
sodium dodecyl sulfate was present in the transfer buffer. The paper
was incubated with antiserum to calf thymus casein kinase I overnight, and the bound antibody was visualized by using peroxidaselinked anti-rabbit IgG antibody. The molecular weight of the subunit
was determined by using prestained standards from Bethesda Research Laboratories which were run on a parallel lane in the gel and
transferredto nitrocellulose simultaneouslywith the enzyme. B,
autophosphorylation of NI protein kinase. NI kinase, purified by
casein-Sepharosechromatography, was added to a 75-p1 solution
containing 50 mM Tris-HC1 (pH 7.4), 5 mMMgC12, 50 pM [r-”P]
ATP, 1 mM dithiothreitol, and the assay mixture was incubated at
30 “C for 30 min. The reaction was stopped by the addition of Y 5
volume of Laemmli’s stop solution. Electrophoresis underdenaturing
conditions and autoradiography were carried out as described under
“Experimental Procedures.”

n

FRACTION NUMBER
FIG. 1. A, phosphocellulose chromatography of NB-15 mouse neuroblastoma nuclear protein kinase activities. Nucleoplasm, prepared
as described under “ExperimentalProcedures” was applied to a
column (1.5 X 20 cm) of phosphocellulose equilibrated with Buffer B
containing 0.3 M NaCl. After adsorption, the column was washed
with Buffer B and eluted with a linear gradient of 0.3-1.0 M NaCl in
Buffer B at a flow rate of 0.5 ml/min. Aliquots (25 pl) of each fraction
were assayed for protein kinase activity as described under “Experimental Procedures.” Fractions from peak I were pooled, concentrated,
and designated as NI kinase. -,
kinase activity; ---, NaCl gradient. B, casein-Sepharose chromatography of partially purified NB15 mouse neuroblastoma nuclear protein kinase NI.Fractions in peak
I in Fig. 1A were pooled, dialyzed against Buffer B containing 0.01 M
NaCI, and loaded on a casein-Sepharose column (0.7 X 3 cm) equilibrated with the same buffer. After leaving the kinase on the column
for 1 h, the column was washed with Buffer B containing 0.01 M
NaCl and thekinase eluted with a20-ml gradient of 0.01-1.0 M NaCl
in Buffer B. Fractions of 500 p1 each were collected at a flow rate of
0.2 ml/min. Aliquots (25 pl) of each fraction were assayed for protein
kinase activity in a final volume of 75 pl as described under “Experimental Procedures.” NI kinase activity was eluted at 0.5 M NaCI.
-,
kinase activity, ---, NaCl gradient.
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FIG. 3. Effect of heparin on nuclear protein kinases NI and
NII purified from NB-15 mouse neuroblastoma cells. Protein
kinase activity was assayed in the standardassay mixture (described
under “Experimental Procedures”)containingeither 2 units of caseinSepharose purified NI kinase (o“-o) or 4 units of purified NI
kinase (U
2 mg/ml
),
of dephosphorylated a-casein, and various
concentrations of heparin.

none was stimulatory (data not shown), suggesting that our
NI kinase preparation was free of other kinase contamination.
Nuclear Protein Kinase NZ Catalyzed the Phosphorylation
of the 11,000- and 10,000-Dalton Proteins in Heat-treated
Nuclei-Two proteins with apparentsubunit
molecular
weights of 11,000- and 10,000-daltons were prominently phosphorylated in an endogenous protein phosphorylation reaction of isolated nuclei (20, 21). The phosphorylation of both
nuclear proteins can be inhibited by 1 mM spermine (20, 21).
To identify the kinase system(s) which may phosphorylate

Spermine andKinase
NI Nuclear
these two proteins, we examined the patternof protein phosphorylation upon addition of purified protein kinasesto heattreated nuclei. Brief heat treatment of ruptured nuclei at
60 “C for 5 min was sufficient to inactivate all endogenous
kinase activities (Fig. 4, lune A ) but did not affect the ability
of nuclear proteins to serve as substrates for exogenously
added protein kinases (Fig. 4, lanes B , D, F and H ) . Among
all the protein kinasesthat we have examined, only NI nuclear
kinase phosphorylatedthe 11,000- and 10,000-dalton proteins
(Fig. 4, lane B ) . Moreover, this phosphorylation was sensitive
to inhibition by spermine (Fig. 4, lune C). Cyclic AMPdependent protein kinase (Type1)and the NIInuclear kinase
phosphorylated many nuclear proteins but not the 11,000and 10,000-dalton proteins (Fig. 4, lanes D and F ) . Spermine
at 1 mM inhibited the CAMP-dependent protein kinase-catalyzed phosphorylation but generally stimulated the NII kinase-catalyzed phosphorylation of various nuclear proteins.
In a separate experiment, we found that the phosphatidylserine/Ca’+-activated protein kinase Cdid not phosphorylate
the 11,000- and 10,000-dalton proteins (Fig. 4, lune H ) . The
results shown in Fig. 4 clearly demonstrate that these protein
kinases have different substrate specificity, and only the NI
kinase can phosphorylate the 11,000- and 10,000-dalton proteins. This result, together with the observation that 1 mM
spermine completely inhibited the NI kinase-catalyzed phosphorylation of the 11,000- and 10,000-dalton proteins in a
fashion similar to what we had observed in an endogenous
nuclear protein phosphorylation reaction (21), suggests that
the 11,000- and 10,000-dalton proteins might be the native
substrates of NI kinase. It should be noted that the apparent
molecular weights of these two proteins were determined by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis under reducing condition. Thus the value is that of the subunit
B C

A

D

E

F .G,,
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and may not be that of the native protein.
Specificity of the Inhibitory Effect of Spermine-We have
examined the specificity of the inhibitory effect of spermine
on the phosphorylation of the 11,000- and 10,000-dalton proteins. As shown in Fig. 5, spermine at 1 mM (lune D ) almost
completely abolished the phosphorylation of the 11,000- and
10,000-dalton proteins. In contrast, arginine at 5 mM (lane
H ) , NH,Cl at 10 mM (lune I) and putrescine at 10 mM (lune
J) had no significant inhibitory effect. Spermidine was effective, but a much higher concentration (>4 mM, lune G) was
needed to inhibit the NIkinase-catalyzed phosphorylation of
the 11,000- and 10,000-dalton proteins. These data suggest
that both the charge distribution and flexible hydrocarbon
backbone of spermine may be needed for its inhibitory action.
The Effect of Spermine on NI-catalyzed Phosphorylation of
Nonphysiological Substrates-Among the three commonly
used nonphysiological substrates for kinase assay, NI kinase
phosphorylated both a-casein and phosvitin but not histone
(Fig. 6). The phosphorylation of a-casein and phosvitin at 0.2
mg/ml was inhibited by spermine with 150 values of 5.8 mM
and 1.1mM, respectively. A similar inhibitory effect of spermine was also observed at higher substrate concentrations.
Thus at saturating substrateconcentrations of a-casein and
phosvitin (1 mg/ml), the 150values were 8.4 mM and 1.2 mM,
respectively, (data not shown). These experimentswere done
at a kinetically optimal NaCl concentration of 130 mM. At a
suboptimal concentration of NaCl (30 mM), the inhibitory
effect of spermine on the phosphorylation of a-casein, but not
phosvitin, was less pronounced (data notshown). In contrast,
the inhibition of the NI kinase-catalyzed phosphorylation of
the 11,000- and 10,000-dalton proteins by spermine was not
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FIG. 4. Effects of exogenously added protein kinases on the
protein phosphorylation pattern in heat-treated nuclei of NB15 mouse neuroblastomacells. Nuclei, purified as described under
“Experimental Procedures,” were heated a t 60 “C for 5 min to inactivate endogenous kinase activities (lane A ) . Twenty p1 of the heated
nuclei (3-4 mg/ml) was added to theassay mixture (75 pl) containing
50 mM Tris-HC1 (pH 7.4), 50 p~ [y-32P]ATP,1 mM dithiothreitol, 5
mM MgCI2, 30 pg/ml of bovine serum albumin, and 20 pl of either
casein-Sepharose purified NI kinase (lanes B and C ) or 20 pl of NII
kinase (lanes F and G ) . In another assay, 10 p~ CAMP and 20 p1 of
Type I CAMP-dependent protein kinase was added tothe above
phosphorylation mixture (lanes D and E ) . Spermine was added to a
final concentration of 2 mM (lanes C , E , and G ) . In a separate
experiment (lane H ) , protein kinase C (5 pl) was added tothe
phosphorylationmixture in the presence of 2 pg of phosphatidyl
serine and 0.1 mM CaC12. In each case, incubation was at 30 “C for
15 min. The reaction was terminated by the addition of ’15 volume of
sodium dodecyl sulfate stop solution. Electrophoresis and autoradiography were done as described under “Experimental Procedures.”

FIG. 5. Specificity of the inhibitory effect of spermine on
the phosphorylation of the 11,000- and 10,000-daltonnuclear
proteins catalyzed by NI kinase. Nuclei, purified as described
under “Experimental Procedures” were briefly sonicated and heated
at 60 “C for 5 min. The heat-treated nuclei were then used as substrates for casein-Sepharose column purified NI kinase. The phosphorylation assay mixture contained 50 mM Tris-HC1 (pH 7.4), 5 mM
MgCl,, 30 mM NaCl, 1 mM dithiothreitol, 30 pg/ml of bovine serum
albumin, 15 p~ [y-32P]ATP,2 units of NI kinase, and 20 p1 of heattreated nuclei (3-4 mg of proteins/ml) in a final volume of75 p1
(lanes B-J). Polyamines and various cations were added tothe
reaction mixture at the final concentrations as indicated (lanes CJ ) . The reactions were carried out at 30 “C for 15 min and stopped
by the addition of sodium dodecyl sulfate buffer. Electrophoresis and
autoradiography were carried out as described under “Experimental
Procedures.” Lane A, heated nuclei alone; lane B, NI kinase added to
the heated nuclei. The cations used for the assays from lane C-J
were: lane C, 0.1 mM spermine; lane D, 1 mM spermine; lane E, 2 mM
spermine; lane F, 2 mM spermidine; lane G, 4 mM spermidine; lane
H , 5 mM arginine; lane I , 10 mM NH&1; and lane J , 10 mM putrescine.
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FIG.6. Effects of spermine on NI kinaseactivity

using
either a-casein, phosvitin, or histones as substrates. Protein
kinaseactivity was determinedinthestandard
reaction mixture
containing casein-Sepharose purified NI kinase using either0.2 mg/
ml of dephosphorylated cu-casein (-),
or 0.2 mg/ml of dephosphorylated phosvitin (A-A),
or 0.2 mg/ml of dephosphorylated
histone (U
as )
substrate proteins in the
presence of various
concentrations of spermine.

sensitive to the concentration of NaCl (e.g. compare Fig. 5,
lane D versus Fig. 7a, lane C).
Subnuclear Localization of the 11,000- and 10,000-Dalton
Proteins-In an attempt to localize the 11,000- and 10,000dalton proteins in the nucleus, we prepared subnuclear fractions and examined the phosphorylation patterns of these
fractions in the presence of exogenously added NI kinase.
Phosphorylation of the 11,000- and 10,000-dalton proteins
was only observed in nuclear matrix (Fig. 7a, lane E ) . No
phosphorylated protein bands were apparent in the 10,000dalton region in either the hnRNP (Fig. 7a, lane I ) or HMG
fractions (Fig. 8a, lane B ) . Phosphorylation of the 11,000and 10,000-dalton proteins innuclear matrix was reproducibly
observed if the DNase I concentration and digestion times
were kept constant at 5pg/ml and 130 min, respectively.
However, increasing the DNase I concentration or the digestion timeled to a loss of the 11,000- and 10,000-dalton proteins
from the nuclear matrix.
DISCUSSION

The evidence that the 11,000- and 10,000-dalton proteins
might serve as native substrates for NI kinase includes the
following: ( i ) both the NI kinase and the11,000- and 10,000dalton proteins are localized in the nucleus; (ii) exogenously
added NI kinase prominently phosphorylated these two proteins in heat-treated nuclei (Fig. 4, lane B ) ;all other kinases
tested including NII nuclear kinase, CAMP-dependentprotein
kinase, and proteinkinase C did not phosphorylate thesetwo
proteins under similar experimental conditions (Fig. 4); and
(iii) the NI kinase-catalyzed phosphorylation of the 11,000and 10,000-dalton proteins was sensitive to the inhibitory
action of spermine (Fig. 5) at acomparable concentration
range as we have observed in endogenous protein phosphorylation (21).
It can be noted that NI kinase also phosphorylated other
nuclear proteins in various subnuclear fractions (Figs. 7 and
8). The phosphorylation of these other nuclear proteins was
also sensitive to the inhibitory action
of spermine (Figs. 7 and
8), although to a lesser degree than what we have observed
for the 11,000- and 10,000-dalton proteins.Spermine also
inhibited the phosphorylation of a-casein and phosvitin catalyzed by NI kinase (Fig. 6). This is to be contrasted with the
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FIG.7. The proteinphosphorylation pattern in nuclearmatrix and hnRNP fractions. Nuclei, nuclear matrix, and hnRNP
were prepared as described under "Experimental Procedures" and
heated at 60 "C for 5 min to inactivate endogenous kinase activities
(lanes A , D,and H in bothpanel aand b). Twenty pl of each fraction,
with protein concentrations of 3.4 mg/ml for nuclei, 0.7 mg/ml for
nuclear matrix, and 2 mg/ml for hnRNP, was added to the phosphorylation mixture containing 50 mM Tris-HC1 (pH 7.4), 5 mM MgC12,
100 mM NaC1, 1 mM dithiothreitol, 30 pg of bovine serum albumin,
50 /IM [-y-32P]ATP,and 9.0 units of NI kinase (lanes R, C, E-G, I ,
and J ) . Spermine was added at the final concentrations indicated.
Incubation was at 30 "C for 15 min. The reaction was terminated,
electrophoresis and autoradiography were carried out as described.
Panel a, autoradiogram; panel b, Coomassie Blue-stained gel pattern.
finding that polyamines stimulate thecasein phosphorylation
but inhibit the phosvitin phosphorylation catalyzed by NII
kinase (35). A t this stage, we do not know whether the
interactions of spermine with NI kinase, with substrate proteins, or with both accounted for the inhibitoryaction of
spermine on NI kinase. Polyamines have been reported to
inhibit a phosphorylase kinase (39), a phospholipid/calmodulinsensitiveCa2+-dependent protein kinase(40),awheat
germ protein kinase (41), and the proteinkinase-380 isolated
from bovine adrenocorticoid (42). The detailed mechanism of
inhibition in thesecases, however, is not known.
The inhibitory action of spermine on the NI kinase-catalyzed phosphorylation of the 11,000- and 10,000-dalton proteins (Fig. 5) could not be solely due to charge or counter-ion
effect. Other organic cations such as arginine, putrescine, and
inorganic cations such as NH&l were ineffective even at
muchhigher concentrations. We have alsoexamined the
effects of N'-acetylspermine and Co(NH&"+ on the NI ki-

2895

Spermine andN I Nuclear Kinase

-

1;1

I

In summary, our studies have shown that: ( i ) the 11,000and 10,000-dalton proteins are prominently phosphorylated
by NI nuclear kinase, (ii) their phosphorylation can be specifically inhibited by spermine and to a lesser degree, spermidine, and (iii) they are localized in the nuclear matrix
fraction. Although the functions and physiological significance of these two proteins remain tobe studied, our results
together with the considerationof importance of polyamines
as growth regulatory agents suggest that these two proteins
may have an importantrole in gene regulation.
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FIG. 8. The protein phosphorylation pattern i n HMG catalyzed by NI kinase. The HMG fraction was purified as described
under "Experimental Procedures." It was heated at 60 "C for 5 min
to inactivate any endogenous kinases that might be associated with
HMG fraction (lane A ) . Twenty pl of this preparation (0.8 mg of
protein/ml) was added to the phosphorylation mixture as described
in the legend of Fig. 7 except that 6 units of NI kinase was used in
this experiment (lanes B-D). Spermine was used a t 2 mM (lane C)
and 4 mM (lane D ) as indicated. Incubation was a t 30 "C for 15 min
and terminatedby the addition of l/5 volume of sodium dodecyl sulfate
stop solution. Electrophoresis and autoradiography were carried out
as described under "Experimental Procedures." Panel a, autoradiogram; panel b, Coomassie Blue-stained gel pattern.

REFERENCES
1. Cohen, S. S. (1971) Introduction to the Polyamines, pp. 1-179,

Prentice Hall, Inc., Englewood Cliffs, NJ
2. Bachrach, U. (1973) Function of Naturally Occurring Polyamines,
pp. 1-211, Academic Press, New York
3. Tabor, C. W., and Tabor, H. (1984) Annu. Reu.Biochem. 53,
749-790
4. Chen, K. Y., Presepe, V., Parken, N., and Liu, A. Y.-C. (1982) J.
Cell Physiol. 110, 285-290
5. Chen, K. Y., and Rinehart, C. A., Jr. (1981) Biochern. Biophys.
Res. Cornmun. 101,243-249.
6. Chen, K. Y., and Liu, A. Y.-C. (1981) FEBS Lett. 134, 71-74
7. Chen, K. Y., Nau, D., and Liu, A. Y.-C. (1983) Cancer Res. 43,
2812-2818
8. Hochhauser, S. J., Stein, J. L., and Stein, G. S. (1981) Int. Reu.
nase-catalyzed phosphorylation of the 11,000- and 10,000Cytol. 71,95-243
dalton proteins and found both
were ineffective at 1mM (data
9. Saffer, J. D., and Glazer, R. I. (1982) J. Bid. Chem. 257, 4655not shown). When sperminewas added to the assay mixture,
4660
no precipitation was observed as judged by high speed cen- 10. Song, M. H., and Adolph, K. W. (1983) J. Biol. Chem. 258,3309trifugation. In addition, under similar experimental condi3318
tions, spermine did not inhibit phosphorylation of various 11. Imai, H., Shimoyama, M., Yamamoto, S., Tanigawa, Y., and
Ueda, K. (1975) Biochem. Biophys. Res. Commun. 66,856-862
nuclear fractions catalyzed by NII kinase (e.g. Fig. 4, lane G)
suggesting that the inhibitory
effect of spermine on NI kinase-12. Das, R., and Kanugo, M. S. (1979) Biochem. Biophys. Res. Commun. 90,708-714
catalyzed phosphorylation could not be due to precipitation 13. Ahmed, K., Wilson, M. J., Goueli, S. A., and Williams-Ashman,
of substrate proteins. Neither could the inhibitory effect be
H.G. (1978) Biochem. J. 176, 739-750
due to an increaseof ionic strength by the addition of 1 mM 14. Ahmed, K., Davis, A. T., and Goueli, S. A. (1983) Biochem. J.
209,197-205
spermine to the assay mixture. ionic
The strength of the assay
mixture could be increased by varying the concentrations of 15. Hara, T., Takahasi, K., Yasamoto, M., Kisaki, H., and Endo, H.
(1982) Biochem. Biophys. Res. Commun. 1 0 6 , 131-138
NaCl from 30 to 200 mM without affecting the NI kinase16. Atmar, V. J., Daniels, G. R., and Kuehn, G. D. (1978) Eur. J.
catalyzed phosphorylation of the 11,000- and 10,000-dalton
Biochem. 90, 29-37
proteins in heat-treated nuclei (Fig. 5, lane D versus Fig. 7a, 17. Rose, K. M., Bell, L. E., Siefken, D. A., and Jacob, S. T. (1981)
J. Biol. Chem. 256, 7468-7477
lane C).
Although we have demonstrated that phosphorylation of 18. Hathaway, G. M., and Traugh, J. A. (1984) J. Biol. Chem. 259,
7011-7015
the 11,000- and 10,000-dalton proteins could be detected in
19. Morishita, Y., Akogyeram, C., Deu, B., and Criss, W. E. (1983)
or HMG
nuclearmatrixbutnotinthehistone,hnRNP,
Biochem. Biophys. Acta 755, 358-362
fractions (Figs. 7 and 8), we still cannot be certain that these 20. Chen, K. Y., Verma, R., and Liu, A. Y.-C. (1983) Fed. Proc. 42,
two proteins are exclusively localized in nuclear matrix since
1715 (abstr.)
we have not exhaustively tested all nuclear fractions. Func- 21. Chen, K. Y., and Verma, R. (1984) Biochem. Biophys. Res. Comnun. 118,710-716
tionally, the nuclear matrix hasbeen reported to be involved
22. Corbin, J. D., Sodering, T. R., and Park, C. R. (1973) J. Biol.
(45), hormonereceptorbinding
(46),
in DNAreplication
Chem. 248, 1813-1821
transcription (47), and RNA processing (48). Small nuclear 23. Laemmli, U. K., and Farre, M. (1973) J. Mol. Biol. 80, 575-599
and U6 RNA 24. Oakley, B.R., Kirsch, D.R., and Morris, N. R. (1980) Anal.
RNA-proteins comprised of U1, U2, U3, U4, U5,
Biochem. 105,361-363
have been reported to be associated with the nuclear matrix
(49). U1 RNA-proteincomplexes have been implicated in the 25. Berezney, R. (1980) J. Cell Bid. 85, 641-650
0.P., Lukanidin, E. M., Molnar, J., and Georgieo, G.
recognition of both the 5' and 3' splice junctions of mRNA 26. Samarina,
P. (1968) J. Mol. Biol. 33, 251-263
(50).In view ofthe above, it is interesting to note Billings
that
27. Paulson, J. R., and Taylor, S. S. (1982) J. Biol. Chem. 257,6064and Hoch (43) have reported thepresence of a 11,000-dalton
6072
protein doublet associated with small nuclear
RNA. Whether 28. Bhorjee, J. S. (1981) Proc. Natl. Acad. Sci. U. S. A. 78, 69446948
these two proteins are the same as the two proteins whose
phosphorylation we have studied, remain to be tested. The 29. Thornburg, W., and Lindell, T. J. (1977) J. Bid. Chem. 252,
6660-6665
localization of the 10,000- and 11,000-dalton proteins in the 30. Farron-Furstenthal, F., and Lightholder, J. R. (1977) FEBS Lett.
matrix suggests that these two proteins might be involved in
84,313-316
31. Lowry, 0.H.,Rosebrough, N. J., Farr, A. L., and Randall, R. J.
some of the processes described above.

2896

Spermine and N I Nuclear Kinase

(1951) J. Biol. Chem. 193,265-275
32. Bradford, M. M. (1976) Anal. Biochem. 7 2 , 248-254
33. Hathaway, G. M., and Traugh, J. A. (1979) J. Biol. Chem. 254,
762-768
34. Dahmus, M. E. (1981) J . Biol. Chem. 256,3319-3325
35. Hara, T., and Endo, H. (1982) Biochemistry 21,2632-2644
36. Cohen, P., Yellowlees, D., Aitken, A., Donella-Deana, A,, Hemmings, B. A., and Park, P. J. (1982) Eur. J. Biochem. 124,2135
37. Desjardins, P. R., Leu, P. F., Liew, C. C., and Gornall, A. G.
(1972) Can. J. Biochem. 50, 1249-1258
38. Hathaway, G. M., and Traugh, J. A. (1983) Methods Enzymol.
99,317-331
39. Hashimoto, E., Kobayashi, T., and Yamamura, H. (1984)
Biochem.
Biophys. Res. Commun. 121,271-276
40. Qi, D.-F.,Schatzman, R. C., Mazzer, G. M., Twiner, R. S., Baynor,
R. L., Liao, S., and KUO,J. F. (1983) Biochem. J. 213, 281288
41. Yan, T-F. J., and Tao, M., (1982) J. Biol. Chem. 257,7037-7043

42. Kuroda, Y., Merrick, W. C., and Sharma, R. K. (1981) Science
215,416-417
43. Billings, P. B.,andHoch, S. 0. (1984)J. Biol. Chem. 259,1285012856
44. Towbin, H., Staehelin, T., and Gordon, J. (1979) Proc. Natl. Acad.
Sci. U. S. A. 76,4350-4354
45. Berezney, R., and Buchholtz, L. A. (1981) Exp. Cell Res. 1 3 2 , 113
46. Barrack, E. R., and Coffey, D. S. (1980) J. Biol. Chem. 255,
7265-7275
47. Robinson, S. I., Nelkin, B. D., and Vogelstein, B. (1982) Cell 28,
99-106
48. Mariman, E. C. M., Eekelin, C. A. G., Reinders, R. J., Berns, M.,
and Venroou, W-J. (1982) J. Mol. Biol. 154, 103-119
49. Nakayasu, H., Mori, H., and Ueda, K. (1982) Cell Struct.
Funct.
7 , 253-262
50. Tatie, K., Takemura, K., Mayeda, A., Fujiwara, Y., Tanaka, H.,
Ishihama, A., and Ohshima, Y. (1984) Proc. Natl. Acad. Sci.
U. S. A. 81,6281-6285

