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sine stimulate CKII activity (9). The stimulation of
Protein kinase CKII (CKII) is a heterotetramer com- CKII activity by polybasic compounds is mediated by

posed of two catalytic (a or a*) and two regulatory (b) the b subunit (8).
subunits. Using the yeast two-hybrid system, we have CKII plays a critical role in cell growth and prolifera-
identified the highly basic, ribosomal protein L41 as tion, based on genetic studies in budding and fissiona cellular protein capable of interacting with the b yeasts and in Dictyostelium discoideum, which suggestsubunit of CKII. We show, furthermore, using purified

that CKII is essential for cell viability (10-12). CKIIproteins, that L41 protein and CKIIb associate directly
mediated phosphorylation of a large number of cyto-in vitro. L41 protein is not a substrate for CKII phos-
solic and nuclear proteins appears to be important inphorylation, and it does not stimulate CKII activity
cell division (1-3, 13). A role in cell growth is also sug-with either b-casein or synthetic peptide substrate
gested by the observation that the overexpression of(RRREEETEEE). However, L41 protein stimulates the
CKIIa leads to tumorigenesis in mice overexpressingphosphorylation of DNA topoisomerase IIa by CKII by
myc (14). The overexpression of the b subunit in fission2.5 times. Additionally, L41 protein enhances the auto-
yeast leads to the inhibition of cell growth (11).phosphorylation of CKIIa. The data indicate that L41

To investigate further the physiological role andprotein associates with CKII and can modulate its ac-
tivity toward a specific substrate or substrates. The mechanism of action of CKII, we have identified pro-
direct interaction of CKIIb with ribosomal proteins teins that interact with the subunits of CKII in vivo
also suggests that CKIIb itself or CKII holoenzyme may using the two-hybrid system. Previously we have re-
be involved in ribosome assembly or translational con- ported the ribosomal protein L5 as a CKIIb-associating
trol. q 1997 Academic Press protein (15). Here we show that a highly basic ribo-

somal protein L41 interacts with CKIIb in vivo as well
as in vitro and stimulates the phosphorylation of DNA
topoisomerase IIa by CKII. However, L41 protein doesProtein kinase CKII (CKII) is a serine/threonine pro-
not increase CKII activity toward either b-casein ortein kinase found in both the nucleus and cytoplasm
synthetic peptide substrate (RRREEETEEE). The re-of all eukaryotes (1-3). CKII is a tetrameric complex
sults suggest that L41 protein may act as a physiologi-consisting of a, a*, and b subunits and exists as an
cal stimulator of CKII toward a specific substrate ora2b2 , aa*b2 , or a*2b2 structure (4). The a and a* sub-
substrates.units are the catalytic subunits, while the b subunit is

thought to be a regulatory subunit because it mediates
the tetramer formation (5), modulates catalytic activity MATERIALS AND METHODS
(6, 7), and influences substrate recognition (8). Heparin
has been shown to be an inhibitor of CKII, whereas Materials. Polylysine (molecular weight 4,000-15,000), polyar-

ginine (molecular weight 5,000-15,000), and dephosphorylatedpolybasic compounds such as polyamines and polyly-
b-casein were from Sigma. [g-32P]ATP and the chemiluminescence
detection system (ECL) were from Amersham Corp. Human DNA
topoisomerase IIa was from TopoGEN, Inc. Human CKII holoenzyme1 Corresponding author. Fax: 82-53-943-2762. E-mail: ysbae@

kyungpook.ac.kr. and CKIIa were purified to homogeneity via four chromatography
steps using DEAE-cellulose, phosphocellulose, heparin-agarose, andAbbreviations used: CKII, protein kinase CKII; CKIIa, the a subunit

of CKII; CKIIb, the b subunit of CKII; BSA, bovine serum albumin. gel filtration from bacteria expressed bicistronically both CKIIa and
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CKIIb as described previously (16, 17) with some modification. Hu-
man CKIIb was also bacterially expressed and purified to homogene-
ity using DEAE-cellulose, hydroxylapatite, and gel filtration column
chromatography. The purities of CKII holoenzyme, CKIIa, and
CKIIb were verified by Coomassie blue staining and by immunode-
tection using CKIIa- and CKIIb-specific antibodies.

Two-hybrid screen. The two-hybrid screen was performed essen-
tially as described by Kim et al. (15). DNA sequencing was carried
out by the dideoxy chain termination method (18).

Peptide synthesis. The ribosomal protein L41 peptide (MRAKWR-
KKRMRRLKRKRRKMRQRSK), CKII peptide substrate (RRREEE-
TEEE), and SV40 large T antigen peptide (ADAQHATPPKKKRKV-
EDPKDF) were synthesized using an automatic synthesizer (Model
431A, Applied Biosystems) and purified by reverse phase chromatog-
raphy.

In vitro binding assay. An aliquot of protein (10 mg/ml) or peptide
(3 mM) solutions were directly spotted on nitrocellulose membrane.
The membrane was incubated with TBST buffer (20 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 0.05% Tween 20) containing 4% BSA at room
temperature for 40 min, washed with TBST four times, and then
overlaid with CKIIb (2 mg/ml) for 1 h on ice. For the control experi-
ment, the membrane was not overlaid with CKIIb. After washing
four times with TBST for 40 min, the membrane was blocked for 40
min at room temperature in TBST containing 5% nonfat, dry milk.
The membrane was incubated with antibody against CKIIb in 0.2%
nonfat, dry milk for 1 h, then washed four times in TBST. The bound
antibody was visualized using ECL detection system.

In vitro kinase assay. The standard assay for phosphotransferase
activity of CKII was conducted in a reaction mixture containing 20
mM Tris-HCl, pH 7.5, 120 mM KCl, 10 mM MgCl2, and 100 mM [g-
32P] ATP in the presence of 5 mg/ml dephosphorylated b-casein or 1
mM synthetic peptide substrate (RRREEETEEE) in a total volume FIG. 1. The nucleotide and deduced amino acid sequences of
of 30 ml at 30 7C. The reactions were started by the addition of the CL33. A comparison of the nucleotide and amino acid sequences of
enzyme (25 nM) and incubated for 15 min. In some experiments, CL33 with human ribosomal L41 protein (22) is shown. The nucleo-
L41 protein, polylysine, or polyarginine were added to the reaction tide sequence is given in lowercase letters and the amino acid se-
mixture. When CKII was assayed with b-casein, the reaction was quence is in capital letters. Colons indicate identical nucleotides.
terminated by spotting 10 ml of the reaction mixture on to P-81 phos- An asterisk denotes the end of the open reading frame. Underlined
phocellulose paper as described previously (19). When CKII was as- nucleotides indicate the insertion sites, EcoRI and XhoI, of cDNA
sayed with the synthetic peptide substrate, the reaction was stopped into pGADGH. The adaptor sequence, used in the construction of
by the addition of TCA to a final concentration of 10% and centri- pGADGH cDNA library, is indicated in bold face.
fuged, and 10 ml of supernatant was applied to P-81 paper (20). The
paper was washed in 100 mM phosphoric acid, and the radioactivity
was measured by scintillation counting.

To analyze autophosphorylation of CKII and topoisomerase IIa CL33. The clone CL33 contained a 452 nucleotide in-
phosphorylation, the reactions were subjected to SDS-polyacryl- sert with an adaptor sequence of 8 nucleotides, a read-
amide gel electrophoresis. The gels were dried and autoradiographed, ing frame of 122 nucleotides, and a 3 * noncoding regionand the protein bands were excised and counted by liquid scintilla-

of 302 nucleotides, followed by a poly(A) tract (Fig. 1).tion counting.
When the nucleotide sequence was compared with re-
ported sequences using the Genbank database, the in-RESULTS
sert was identical to the ribosomal protein L41 (acces-
sion number Z12962). The insert encodes a polypeptideRibosomal L41 Protein as a CKIIb-Binding Protein
of 42 amino acids, which includes the full length (25

To identify human proteins that interact with CKIIb amino acids) of L41 protein (22). The predicted L41
in vivo, we used the two-hybrid system (21). The com- protein sequence is unusually rich in lysine and argi-
plete open reading of CKIIb was fused to the GAL4 nine (overall 68%).
DNA binding domain in pGBT9, while a library of hu-
man proteins fused to the transcriptional activation Direct Binding of CKIIb to L41 Protein
domain in pGADGH. From the screen of 1.31 106 inde-
pendent transformants, twenty positive clones were To test whether the interaction between the CKIIb

and L41 proteins was direct or was mediated by a thirdidentified that induced the lacZ reporter gene only in
the presence of pGBT9-CKIIb. Of the twenty positive yeast protein, we examined the association of the

CKIIb and L41 proteins in vitro, using CKIIb bacteri-clones identified, one clone represented the ribosomal
protein L5 (14). In this paper we report another clone, ally expressed and purified. The L41 protein (25 amino
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the effects of L41 on CKII activity. To determine the
optimum amount which would stimulate enzyme activ-
ity maximally, we performed an experiment that in-
creasing amounts of L41 were added to a constant con-
centration (25 nM) of CKII with the synthetic peptide
(RRREEETEEE) as substrate under standard assay
conditions as described under Materials and Methods
(Fig. 3A). Addition of L41 protein, however, did not lead
to an increase in CKII activity. Instead, the activity of
CKII was a little inhibited when increasing amountsFIG. 2. Direct binding of CKIIb to L41 protein. 4 ml of each
of L41 were added. Polylysine and polyarginine stimu-polypeptide solution of CKIIa, CKIIb, BSA, L41, SV40 large T anti-

gen peptide (23), and catalase were directly spotted on nitrocellulose lated the activity of CKII as shown in Fig. 3A.
membrane, and the membrane was incubated in 4% BSA solution. To determine if the response of L41 protein to CKII
After washing, the membrane was overlaid with CKIIb for 40 min, activity is dependent upon ionic strength, the influenceand the protein-protein interaction with CKIIb was observed by im-

of increasing amounts of KCl on CKII was tested withmunodetection with CKIIb antibody. In panel B, the overlay step
b-casein as substrate. As shown in Fig. 3B, increasingwas omitted.
KCl concentration did not significantly alter the re-
sponse of L41 protein on CKII activity. The influence
of increasing amounts of MgCl2 on CKII was also exam-acids except the untranslated region of L41 in Fig. 1)
ined, but increasing MgCl2 concentration (2.5 to 20was synthesized using a peptide synthesizer and puri-
mM) did not affect the response of L41 on CKII activityfied by reverse phase chromatography. Because the
(data not shown). The time courses of phosphorylationprotein L41 was a small polypeptide (molecular weight
of b-casein by CKII alone or by CKII plus L41 protein3,456), it was difficult to detect the L41-bound form of
were compared (Fig. 3C). The time course of phosphory-CKIIb by gel filtration. Thus, we designed a simple
lation was almost unaffected by addition of L41 protein.method to detect protein-protein interaction in vitro.
The effect of L41 protein on thermal inactivation ofL41 and control polypeptides including CKIIa, CKIIb,
CKII was also examined. CKII either alone or withBSA, SV40 large T antigen peptide (23), and catalase,
L41 protein was first incubated at 45 7C, and then thewere first spotted on nitrocellulose membrane and then
residual CKII activity was measured under standardoverlaid with the purified CKIIb, as described under
assay conditions with the synthetic peptide substrateMaterials and Methods. After washing the membrane,
(RRREEETEEE). L41 protein was unable to protectthe protein-protein interaction was observed by immu-
CKII against thermal inactivation (Fig. 3D).nodetection with a specific antibody against CKIIb

(Fig. 2). When the membrane was overlaid with CKIIb,
Effect of L41 Protein on CKII Activity withthe CKIIb protein bound to the immobilized CKIIa and

Topoisomerase IIa and AutophosphorylationL41 protein, indicating that CKIIb interacts directly
of CKIIwith CKIIa and L41 protein. But the CKIIb protein

did not bind to BSA, the SV40 large T antigen peptide,
Because the synthetic peptide substrate (RRREEE-and catalase (Fig. 2A). In contrast, when the membrane

TEEE) and b-casein are artificial substrates, we exam-was not overlaid with CKIIb, the protein-protein inter-
ined the effect of L41 protein on the phosphorylationaction between CKIIb and other proteins was not ob-
of physiological substrates by CKII including topoisom-served (Fig. 2B). Thus, we can conclude that CKIIb
erase IIa and autophosphorylation. Topoisomerase IIabinds directly to L41 protein.
has been shown to be phosphorylated by CKII in vitro
as well as in vivo (24). As shown in Fig. 4, both L41Effect of L41 Protein on CKII Activity with b-Casein
protein and polylysine stimulate phosphorylation of to-and Synthetic Peptide Substrate
poisomerase IIa by CKII. However, L41 protein was
more effective than polylysine, generating a 2.5-foldTo examine whether CKII catalyzes the phosphoryla-

tion of L41 protein, L41 protein was incubated with increase in phosphotransferase activity of CKII toward
topoisomerase IIa (Fig. 4, lane 4). A slight increase (1.6purified CKII in the presence of [g-32P]ATP. L41 pro-

tein, however, was not a substrate for CKII phosphory- times) in CKII activity was observed with the same
concentration (on a molar basis) of polylysine underlation (data not shown).

Polyamines, such as spermine and spermidine, and our standard assay conditions (Fig. 4, lane 5).
Since it has been shown that polylysine inhibits auto-polylysine stimulate the activity of CKII through its

interaction with CKIIb (7, 8). The finding that L41 phosphorylation of CKIIb and stimulates that of CKIIa
(25), we examined the effect of L41 protein on the auto-protein was a highly basic polypeptide and bound to

CKIIb suggested that L41 protein might stimulate ac- phosphorylation of CKII subunits. As shown by the
data of Fig. 5, with the recombinant human CKII puri-tivity of CKII. To address this possibility, we examined

464

AID BBRC 7317 / 6938$$$802 08-29-97 09:14:44 bbrcg AP: BBRC



Vol. 238, No. 2, 1997 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

FIG. 3. Effect of L41 protein on CKII activity with b-casein or synthetic peptide (RRREEETEEE) as substrates. (A) Effects of polylysine,
polyarginine, and L41 on CKII activity. CKII activity was monitored with the synthetic peptide substrate under standard assay conditions
as described in Materials and Methods using a constant amount of CKII (25 nM) and increasing amounts of effectors. (B) Effect of increasing
salt concentration on CKII activity in the absence and presence of L41. The activity of CKII was examined at the indicated concentration
of KCl in the absence and presence of L41 (25nM) using standard assay conditions with b-casein as substrate. (C) Time course of CKII
activity in the absence and presence of L41. The phosphorylation of b-casein by CKII was carried out in the absence and presence of L41
(25 nM) for the indicated times. (D) Effect of L41 on the thermal inactivation of CKII. CKII either alone or with the addition of L41 (25
nM) was first incubated for the indicated times at 45 7C. After cooling on ice, the residual CKII activity was measured under standard
assay conditions with the peptide substrate. In panels B, C, and D, CKII and L41 protein was added to the reactions at the same molar
ratio as CKII. The data are the averages of two independent experiments. The standard error of the data shown was õ7%.

fied from E. coli, autophosphorylation occurred primar- by 2 to 3 times (1-3, 8, 9). Although the L41 protein
ily on CKIIa. Both L41 protein and polylysine en- contains a high percentage (68%) of basic amino acids,
hanced autophosphorylation of CKIIa, approximately in this study L41 failed to stimulate the phosphoryla-
1.5-fold. Autophosphorylation of CKIIb was only tion of either b-casein or synthetic peptide substrate
slightly detected with the recombinant CKII and it was (RRREEETEEE) by CKII under various conditions. In-
not significantly changed by the addition of either L41 stead, the L41 protein stimulated the phosphorylation
protein or polylysine (Fig. 5). by CKII of topoisomerase IIa, one of the physiological

substrates, by approximately 2.5 times. These results
indicate that the effect of L41 on CKII activity is quiteDISCUSSION
specific to each substrate.

Recently, it has been demonstrated that polyaminesUsing the two-hybrid system, human ribosomal pro-
modulate CKII by affecting its cellular distribution andtein L41 was identified as a cellular protein capable of
enzyme activity in vivo (26). However, the physiologicalinteracting with the b subunit of CKII. In vitro, purified
significance of the stimulatory effects of polybasic pep-CKIIb protein bound directly to L41 protein. The re-
tides, such as polylysine, remains to be determined.sults also indicate that the in vivo interaction of CKIIb
The present data raise the possibility that a highlywith L41 protein is not due to the upstream region of
basic polypeptide like L41 protein may stimulate theL41 within the clone CL33.
phosphorylation of a physiological substrate or sub-To address the significance of this interaction, we
strates by CKII in vivo. Both the a and b subunits oftested whether L41 protein would influence CKII activ-
CKII have been shown to be autophosphorylated (1-3).ity. It has been reported that polybasic compounds such

as polyamines and polylysine stimulate CKII activity In this study, the protein L41, like polylysine, stimu-
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lated the autophosphorylation of CKIIa. This is consis-
tent with the previous study in which polylysine stimu-
lates the autophosphorylation of CKIIa (25).

The amino-terminal portion (amino acids 55 to 80)
of CKIIb contains clusters of acidic residues which are
responsible for an intrinsic negative regulation of CKII
activity and for interaction with the polybasic com-
pounds (27, 28). Although stimulation of CKII activity
by L41 protein has not been detected with b-casein or
synthetic peptide substrate in this study, the acidic
domain of CKIIb is the most likely candidate for the
binding of L41 protein. Detailed mapping of the domain
involved in the interaction will be determined by a site
directed mutagenesis study.

A significant amount of CKII is detected in the
nucleoli of actively growing cells (29), and CKII inter-
acts with and phosphorylates nucleolin, which is a ma-
jor nucleolar protein and may be involved in the regula-
tion of ribosome assembly and rRNA transcription (30).
Recent two-hybrid studies have demonstrated that
CKIIb interacts with the ribosomal protein L5 (15, 31).
All these data together with the present data strongly

FIG. 5. Effect of L41 protein on CKII autophosphorylation.suggest that the b subunit itself or CKII holoenzyme
Assays for the autophosphorylation of CKII (50 nM) were carried outmay be involved in ribosome assembly or translational
under standard assay conditions in the absence (lane 1) or in the
presence of 50 nM L41 (lane 2) or polylysine (lane 3). Without sub-
strate, CKII was incubated with [g-32P]ATP and analyzed by 12%
SDS-polyacrylamide gel electrophoresis followed by autoradiography
(upper panel). Both CKIIa and CKIIb bands were excised, and 32P
was quantified by liquid scintillation counting (bottom panel). The
data are the averages of two independent experiments. The standard
error of the data shown was õ8%.

control by protein-protein interaction. It is also notable
that the expression of CKII (3) and L41 protein (32) is
enhanced in proliferating cells. The elevated expres-
sion and their association of both proteins may be re-
lated to the cell proliferation.
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