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Effect of metal ions on the activity of casein kinase Il from Xenopus laevis
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Casein kinase II purified from the nuclei of Xenopus laevis oocytes as well as the recombinant o and 8 subunits of the X. Jaevis CKII, produced

in E. coli from the cloned cIDNA genes, were tested with different divalent metal ions. The enzyme from both sources was active with either Mg?*,

Mn?*, or Co®. Optimal concentrations were 7-10 mM for Mg*', 0.5-0.7 mM for Mn** and 1-2 mM for Co?*. In the presence of Mn?* or Co®

the enzyme used GTP more efficiently than ATP as a phosphate donor while the reverse was true in the presence of Mg?*. The apparent K, values

for both nucleotide triphosphates were greatly decreased in the presence of Mn®* as compared with Mg>. Addition of Zn** (above 150 uM) to

an assay containing the optimal Mg®* ion concentration caused strong inhibition of both holoenzyme and a subunit. Inhibition of the holoenzyme
by 400 uM Ni** could be reversed by high concentrations of Mg?* but no reversal of this inhibition was observed with the & subunit.

Casein kinase 1I; Casein kinase II ¢ and § subunits; Divalent metal ion; Xenopus laevis

1. INTRODUCTION

Protein kinases play a key role in metabolic regula-
tion and in cell growth by catalyzing phosphorylation
reactions that modify the biological activity of many
proteins. Among the nearly 100 protein kinases known,
several have deserved particular attention due to their
ubiquity and the importance of the substrates they mod-
ify. Casein kinase II (CKII) is a protein kinase that is
present in all the eukaryotic species tested and has been
found both in the nucleus and cytoplasm of cells. The
active enzyme is a heterotetramer of a a,f, or ao’$,
composition. The a and o’ subunit contain the catalytic
center and are active by themselves, while the § subunit
plays a regulatory function increasing severalfold the
activity of the a-type subunits (for Reviews see [1,2)).

CKII has been implicated in the phosphorylation of
DNA and RNA polymerases, DNA topoisomerases, of
the oncogenes products of fos, mye, myb and sv-40 large
T and of the p5S3 tumor suppresor gene [1-4]. In addi-
tion, several reports have presented evidence linking
CKII with the regulation of the cell cycle and with the
induction of cell growth [5,6].

In spite of the interest of CKII, there is only limited
information regarding its biochemical properties and
little is known about the physiological mechanisms that
may regulate its activity. CKII has two identifying char-
acteristics, it can use both GTP and ATP as phosphate
donors and it is extremely sensitive to heparin inhibition
{1,2]. In addition, it is known that CKII can be activated
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by polyamines and by polylysine and that it requires
high ionic strength for its activity [7,8].

No detailed information has been previously reported
regarding the effect of divalent metal ions on CKII
activity. The requirement of Mg®* for activity has been
well documented and its optimal concentration has been
reported to be between 5 and 15 mM [9)]. There are some
conflicting reports regarding the capacity of Ca** and
Mn®* to replace Mg?* [10,11].

In the present work, we describe the effect of several
divalent metal ions on the CKII obtained from X. laevis
oocyte nuclei and on the recombinant o and 8 subunits
of this enzyme produced in E. coli. It is shown that Mn2*
and Co** can replace Mg®* in the metal requirement for
catalytic activity. It is also demonstrated that replace-
ment of Mg?* for Mn?* significantly changes the kinetic
parameters observed with ATP and GTP and the rela-
tive activities of these substrates. Similar results are ob-
served with the recombinant a subunit of Xenopus CKII
expressed in E. coli. Several other divalent metal ions
tested cannot replace Mg?* but tend to inhibit the en-
zyme assayed in their presence. Inhibition by Zn>* at
concentrations of the metal above 150 uM is observed
with the holoenzyme as well as with the recombinant o
subunit. However, the inhibition caused by the presence
of Ni** can be reversed by high Mg?* concentrations
with the native holoenzyme or reconstituted a,8, but
not with the isolated catalytic a subunit.

2. MATERIALS AND METHODS

2.1, Purification of casein kinase Il from oocyte nuclei
Ovaries were obtained by surgery from aduit female X. lgevis. Stage
5 and 6 oocytes and their nuclei were prepared by the method of
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Burzio and Koide [12]. Highly purified oocyte CKII was prepared
from isolated cocyte nuclei by chromatography on DEAE-Sephadex
[13] and phosphocellnlose [14] as described originally by Hathaway
and Traugh [15].

2.2. Recombinant o and B subumts of X. laevis CKII

As reported previously [16] the cDNA genes coding for the & and
B subunits of CKII from X. lgevis oocytes have been cloned and
sequenced. The cDNA gene coding for the o subunit has been intro-
duced into a pT7-7 expression vector and expressed in E. coli and
subsequently purified to homogeneity by chromatography on DEAE-
cellulose and phosphocellulose, giving a specific activity of 65 pmol/
min per ug protein (Hinrichs et al., manuscript in preparation). The
c¢DNA gene for the § subunit was expressed using the PGEX-2T vector
and the resulting fused protein was purified with glutathione-Sepha-
rose affinity chromatography. Thrombin hydrolysis liberated a § sub-
unit that was able to stimulate the activity of the a subunit 4 to 5-fold
(Hinrichs et al., manuscript in preparation).

2.3. Assay of casein kinase IT

For the purified nuclear holoenzyme, reactions (50 #l) contained 50
mM HEPES pH7.8, 150 mM KCl, 7mM MgCl, (or as specified), 0.5
mM dithiotreitol and 50 uM [y->PJATP or GTP (500-1000 cpm/
pmol). For the assay of a subunit alone, conditions were identical
except for the use of 50 mM KCl. For the assay of reconstituted CKII
(o and f subunits) the assay was carried out as for holoenzyme, with
a molar ratio of 1:1 of the subunits without prior preincubation.
Assays for holoenzyme activity contained 20-30 U/ml of CKII [14]
purified from X. Jaevis oocyte nuclei or 0.1-0.2 ug of the recombinant
proteins, and 5 mg/ml of dephosphocasein. Incubation times were
routinely 15 min at 30°C and the reaction was linear for at least 30
min. The reaction was terminated by removal of an aliquottoa 2 x 1
cm Whatman P81 phosphocellulose paper which was immersed in 75
mM phosphoric acid and washed 3 times in the same acid, dried and
counted. Values reported have been corrected for controls performed
without enzyme. All assays were performed in duplicate and the results
presented are representative of 2-4 experiments.

3. RESULTS

When CKII is assayed under standard conditions
with ATP as phosphate donor and in the presence of
different divalent ions, activity is observed with Mg**,
Mn?* and Co?*. No activity is detectable when Ca®*,
Cd?*, Cu**, Ni** and Zn?" are tested at | mM concentra-
tion (not shown). The highest relative activity is ob-
tained with Mg**, while Mn** and Co** present 20 to
30% as much activity.

In Fig. 1 the effect of different metal concentrations
are tested using ATP or GTP as substrate for holoen-
zyme. Comparing Fig. 1A with 1B, it is clear that the
optimum Mn?* concentration (0.5 to 0.7 mM) is more
than 10-fold lower than the required optimum concen-
tration of Mg** (7-10 mM). Also it is noteworthy that
the ratios of the activities obtained with ATP and GTP
are reversed, the guanosine triphosphate being the bet-
ter substrate with Mn?*. In the presence of Co®" the
results are qualitatively similar to those found with
Mn?* with respect to the relative activity of the
phophate donors with the holoenzyme.

Similar experiments were carried out with recombi-
nant o and f subunits of Xenopus CKII produced in E.
coli and purified to homogeneity. Fig. 1C shows the

174

FEBS LETTERS

January 1993

T T 11 T T

6A B 15
[ ar ~10
€
~
'5 '
£ 2F 405
Q.
:2
S _ 1 1 1 1
- 0 10 200 t 2
b Mg Cl, (mM) MnCIz(mM)
—t T T T LI 1 A S S| T
= 061 C
@
w
o
£
X 04+
| =4
»
o
o
Q02+

1 [ 1 L )
o} 2 4q
CoCly {mM) MnCl, (mM)

Fig. 1. Comparison of activity of casein kinase II holoenzyme and
recombinant subunits with ATP and GTP in the presence of different
metals. A. and B. Holoenzyme from oocyte nuclei was assayed under
standard conditions with ATP (&) or GTP {e) in the presence of
varying concentrations of magnesium or manganese chloride. C. Re-
combinant purified & subunit was assayed under standard conditions
with ATP (a) or GTP () in the presence of varying concentrations
of cobalt chloride. D. Recombinant purified subunits @ and fin a 1:1
ratio were assayed with ATP (a) or GTP (@) in the presence of differ-
ent concentrations of manganese chloride.

activity of the isolated a subunit in the presence of
different concentrations of Co** and ATP and GTP. It
is observed that an optimum activity is achieved at
about 2 mM Co** and that GTP is a slightly better
substrate than ATP under these conditions. Very simi-
lar results were obtained with the recombinant reconsti-
tuted enzyme with Co®*. Fig. 1D shows the relative
activity of the reconstituted holoenzyme produced by
recombinant & and § subunits tested with Mn®* and the

Table 1

Apparent K, values of casein kinase II holoenzyme and « subunit for
ATP and GTP in the presence of different metals

Casein ATP-Mg* GTP-Mg®* ATP-Mn** GTP-Mn*
kinase 11

Holoenzyme 11.0+04 20821 1.320.3 46109
a Subunit 69+£06 192%19 27+02 1.8+0.1

The experiments were performed with purified casein kinase 1I from

X. laevis oocyte nuclei or with the purified recombinant catalytic o

subunit. Values are averages of two to four experiments as described
in section 2.
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Fig. 2. Inhibition of casein kinase II activity by zinc sulfate. Holoen-
zyme (®) or a subunit (O) was assayed under standard conditions in
the presence of different concentrations of zinc sulfate.

two nucleotide triphosphates. It is clear that the recon-
stituted recombinant enzyme also uses Mn>* and with
this metal ion yields about twofold higher activity with
GTP than with ATP.

It is clear from these data that the purified holoen-
zyme and the recombinant & and « plus # subunits show
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similar behaviour with respect to the nucleotide tri-
phosphates. The dependence of activity of the metal
concentration is also similar although the recombinant
a plus B activity in general shows broader concentration
optima.

The apparent K of the CKII holoenzyme and o
subunit for ATP and GTP was measured with Mg”* and
Mn?*. The results are presented in Table I. It is evident
that the apparent K, for both ATP and GTP are greatly
reduced when the assay is carried out in the presence of
Mn?* instead of Mg**. No significant differences in the
apparent K, values for these substrates is observed
when the recombinant subunit is compared with the
holoenzyme purified from oocyte nuclei.

We have observed that certain divalent metal ions are
inhibitory when they are added to the enzyme that is
assayed in the presence of Mg®*. The addition of zinc
sulfate at concentrations over 150 uM is strongly inhib-
itory. Fig. 2 shows that this metal ion inhibits both the
activity of the holoenzyme as well as the activity of the
isolated a subunit. The chloride and acetate salts are
equally inhibitory. Fig. 3 shows the effect of 400 uM
Ni?* when the recombinant holoenzyme and the alpha
subunit are assayed in the presence of different concen-
trations of Mg®*. In this case, an interesting difference
is observed between the two forms of the enzyme. It is
apparent that in the case of the recombinant holoen-
zyme, high concentrations of Mg”* can reverse the in-
hibitory effect of Ni**. A similar result has been ob-
tained with the naturally occurying holoenzyme puri-
fied from X. laevis oocytes. In the case of the isolated
alpha subunit, the inhibition caused by the Ni** is
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Fig. 3. The effect of nickel chloride on casein kinase II activity. Assays were performed using standard conditions and (A) reconstituted enzyme
from equimolar amounts of recombinant & and # subunits or (B) & subunit, in the presence (O) or absence (@) of 400 uM NiCl,.
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Fig. 4. Autophosphorylation of casein kinase II in the presence of metal ions. Recombinant a subunit, 0.5 ug, was incubated as in the standard

assay conditions but in the absence of casein, alone (lanes 1,3,5), or in the presence of 0.5 ug of recombinant £ subunit (lanes 2,4,6) with 10 mM

MgCl, (lanes 1 and 2) with 0,75 mM MnCl, (lanes 3 and 4) and with CoCl, 0,5 mM (lanes 5 and 6). The KCIl concentrations were 80 and 150

mM for the @ and a + f systems respectively. The reactions were stopped by the addition of Laemmli gel sample buffer and electrophoresis carried
out on a 10% SDS-polyacrylamide gel, followed by autoradiography of the dried gel.

stronger and high concentrations of Mg?* are not effec-
tive in reversing this effect.

Optimum CKII activity requires the presence of high
concentrations of monovalent cations [17). We have
carried out experiments with the X. laevis purified en-
zyme and with the recombinant subunits to test the
effects of different concentrations of K*. The results
obtained (not shown) confirm the reports of others [18]
that indicate that the isolated o subunit has a lowered
requirement for monovalent cations, reaching a maxi-
mum activity between 30-80 mM K* while the holoen-
zyme shows a broad optimum around 150 mM KCIL

4. DISCUSSION

This work has established that CKII is active when
either Mn?* or Co?* are added to replace Mg®* in the
assay system. Activity maxima with Mn** or Co®" are
obtained with much lower concentrations of the diva-
lent cation than with Mg®* but these activities only
reach 20-30% of the maximum observed with Mg®*.
The finding that CKII can use Mn** and Co?* is partic-
ularly interesting because it indicates that this enzyme
is similar to tyrosine protein kinases that are known to
be able to use these two divalent ions [20,21]. Previ-
ously, work from Pinna’s laboratory and from our own
[22,23] had demonstrated that CKII is able to recognize
the presence of tyrosyl residues within acidic peptides.
Recently a novel group of ambivalent protein kinases
that can phosphorylate both serine/threonine and tyro-
sine residues have been described [24]. On the basis of
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its use of metal ions and of its recognition of tyrosine
residues, it may be argued, therefore, that CKII is a
serine/threonine kinase that has taken some evolution-
ary steps towards this ambivalency.

Another finding described in this work is the fact that
replacement of Mg?* for Mn*" very significantly
changes the kinetic parameters for the use of ATP and
GTP as substrates of CKIL. With Mn?* the apparent K,
values are reduced several fold and GTP becomes a
better substrate than ATP. These observations are con-
firmed by the use of the recombinant a subunit of CKII
synthesized in E. coli.

The inhibition of the holoenzyme observed with con-
centrations of Zn** above 150 uM was interesting be-
cause this enzyme has been shown to interact with nu-
cleic acid [25] and because the B subunits contain a
cysteine rich segment reminiscent of a ‘zincfinger’ struc-
ture [26]. However, the isolated a subunit which lacks
this type of structure is also inhibited by zinc at some-
what lower concentrations.

An interesting difference is found with regard to the
inhibition by Ni** of the holoenzyme and of the cata-
lytic subunit of CKII. In the case of the holoenzyme,
high Mg?* concentrations can displace the inhibition
caused by Ni**, while little reversal is observed with the
alpha subunit. This observation suggests that the regu-
latory beta subunit affects the relative affinity of o for
different metal ions. In this respect, it must be remem-
bered that the a subunit is monomeric, while the
holoenzyme is a heterotetramer of a® §, structure [27].
This fact may also help to explain the difference in the
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concentration requirements observed with the mono-
valent K* ion on the activity of holoenzyme and the o
subunit.
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