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Protein kinase CKII (CKIl) is a protein Ser/Thr kinase
that is ubiquitously distributed in eukaryotic cells.
Although it has been suggested that CKII plays an
critical role in cell growth and proliferation, its
functional significance and regulation in the cells
remain poorly understood. To investigate the exact
biological function of CKII, we have identified proteins
that interact with the subunits of CKII using the two-
hybrid system. In this report, we have identified
cathepsin L, a lysosomal protease, as a cellular protein
capable of interacting with the B subunit of CKII.
Cathepsin L does not interact with the a subunit of
CKIl, supporting the idea that the § subunit can
mediate the interaction of CKII with target proteins.
We have found that cathepsin L has several putative
CKII phosphorylation sites including Thr-84, Ser-160,
Ser-270, Thr-288, and Ser-301. These data suggest that
CKII is a possible protein kinase for cathepsin L
phosphorylation.
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Introduction

Protein kinase CKII (CKI1I) is a ubiquitous and highly
conserved Ser/Thr kinase, which is found in all eukaryotes
examined and in various subcellular compartments (Pinna,
1990; 1997; Issinger, 1993). It is a calcium-independent
and cyclic nucleotide-independent enzyme which utilizes
ATP as well as GTP as a phosphate donor. The minimum
consensus sequence for CKII phosphorylation is Ser/Thr-
X-X-Asp/Glu, but additional acidic residues are found
mostly near phosphoacceptor sites. Holoenzyme CKII is a
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heterotetramer of two catalytic (o and/or ') and two
regulatory (f) subunits. It has been shown that the a and
o subunits are the products of different genes and exhibit
the catalytic activity of the enzyme. The § subunit is a
regulatory subunit that modulates the catalytic activity of
the «a subunit. It mediates the tetramer formation by both
the self-dimerization and the interaction of the f subunit
with the & or o' subunit (Gietz et al., 1995; Kim et al.,
1998). In addition, the B subunit may determine its
substrate specificity (Lin et al., 1991; Jakobi and Traugh,
1992; Kim er al., 1996). While the catalytic activity of
CKII is inhibited strongly by heparin, the enzyme is
stimulated by polybasic compounds (Hathaway and
Traugh, 1984).

The level of CKII is greatly enhanced in proliferating
cells and tumor tissues, and the o subunit causes
lymphomas in transgenic mice (Issinger, 1993; Seldin and
Leder, 1995). The enzyme phosphorylates a broad
spectrum of substrates which are involved in cell growth,
including DNA binding proteins, nuclear oncoproteins, and
transcription factors (Pinna, 1990; 1997; Issinger, 1993).
These observations suggest that CKII functions as a
connection between growth signals and gene expressions;
however, its precise physiological role and regulatory
mechanism remain unknown.

In order to study the precise physiological role and
regulatory mechanism of CKIl, we have identified cellular
proteins that interact with CKII using the yeast two-hybrid
system (Fields and Song, 1989). In previous studies, we
reported that the ribosomal proteins LS and 141 were
CKlI-associating proteins (Kim et al., 1996; Lee er al.,
1997). In the present study, we report that cathepsin L, one
of the lysosomal proteases, interacts with the 8 subunit of
CKIL

Materials and Methods

Yeast strain and culture condition S. cerevisiae HF7C (MATo
ura3-52 his3-200 ade2-101 iys2-801 trpl-901 leu2-3,112 gald-
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542 gal80-538 LYS2::GAL1UAS ALITATA-HIS3? URA3:
GAL417mers(X3)-CyC1TATA-lacZ) (Fetlotter et al., 1994) was
used for the two-hybrid system (Fields and Song, 1989). Yeast
cultures were grown in either YPAD media (1% yeast extract, 2%
peptone, 0.004% adenine sulfate, 2% glucose) or synthetic
minimal media with appropriate supplements at 30°C (Rose et
al., 1990).

Two-hybrid screen The two-hybrid screen was performed as
described previously (Kim er al., 1996). Briefly, both pGBT9-
CKIIB and pGADGH-cDNA were cotransformed into
S. cerevisiae HF7C. The tranformants were plated on synthetic
media lacking tryptophan, leucine, and histidine. After 3-5 d of
growth, His* colonies were assayed for expression of the lacZ
reporter gene. Finally, positive clones were isolated that induced
the lacZ reporter gene only in the presence of pGBT9-CKIIS.
DNA sequencing was carried out by the dideoxy chain
termination method.

In vivo binding assay The in vivo protein—protein interaction
was mornitored by the expression of the HIS3 reporter gene using
the two-hybrid system. The S. cerevisiae HF7C reporter strain
was cotransformed with various combinations of hybrid plasmids
containing a DNA binding domain or a transcriptional activation
domain. Transformants were plated on synthetic media lacking
tryptophan and leucine. After 4 d of growth, transformants were
streaked onto selective media lacking tryptophan, leucine, and
histidine, and incubated for 3 d at 30°C.

Results and Discussion

To detect proteins that interact with the f subunit of CKII,
we used the two-hybrid system (Fields and Song, 1989).
The DNA binding domain fusion (‘bait’) comprised the
complete open reading frame of the 8 subunit of human
CKII fused to the GAL4 DNA-binding domain in pGBT9,
while a library of human proteins fused to the GAL4
activation domain in pGADGH represented the ‘prey’.
These two hybrids were co-expressed in S. cerevisiae
HF7C which contained reporter genes HIS3 and lacZ,
yielding 1.3 X 10 independent transformants. From this
screen, twenty colonies were finally identified that induced
the expression of S-galactosidase only in the presence of
pGBT9-CKIIS. Out of the twenty clones identified, two
represented the ribosomal proteins L5 and L41,
respectively (Kim er al., 1996; Lee et al., 1997). In this
paper, we describe another clone, CL10. Sequence analysis
of CL10 revealed that the cDNA insert contained a reading
frame of 558 nucleotides and a 3’ noncoding region of 284
nucleotides, followed by a poly(A) tract (Fig. 1). The
nucleotide sequences of the insert did not differ from those
of cathepsin L, a lysosomal protease, available in the
GenBank database (accession number M20496). The insert
encoded the C-terminal portion (amino acids 149-333) of
cathepsin L.

Because CL10 was obtained from the screen using the
B subunit of CKII as a bait, we tested whether cathepsin L
would interact with the o subunit of CKIL The reporter

MMacagatgttccggaaaact:gggaqqcttatctcactqagtgaqcag 61
aatctggtagactgctetgggectcaaggcaatgaaggetgeaatggtggectaatggat 121
tatgctttccagtatgttcaggataatggaggectggactetgaggaatectatecatat 181
gaggcaacagaagaatcctgtaagtacaatcccaagtattctgttgetaatgacacegge 241
tttgtggacatccctaagcaggagaaggcectgatgaaggcagttgeaactgtggggece 301
atttctgttgctattgatgcaggtcatgagtccttoctgttctataaagaaggecatttat 361
tttgagccagactgtagcagtgaagacatggatcatggtgtgctggtggttggetacgga 421
tttgaaagcacagaatcagataacaataaatattggctggtgaagaacagetggggtgaa 481
gaatggggcatgggtggctacgtaaagatggccaaagaccggagaaaccattgtggaatt 541
gccteagcagecagetaceccactgtgtqagetgtggacggtgatgaggaaggacttgac 601
tggggatggegcatgcatgggaggaattcatcttcagtetaccagoeccccgetgtgtegg 661
atacacactcgaatcattgaagatccgagtgtgatttgaattctgtgatattttcacact 721
ggtaaatgttacctctattttaattactgctataaataggtttatattattgattcactt 781
actgactttgcattttcgtttttaaaaggatgtataaatttttacctgtttaaataaaat 841
ttaatttcaaatgtaaaaaaaaaCTCGAG 870

Fig. 1. The nucleotide sequence of CL10. The nucleotide
sequence of the human cathepsin L is given in lowercase letters
and those of pGADGH in capital letters. Dotted underlines
represent the insertion sites, EcoRI and Xhol of ¢cDNA into
PGADGH. The adaptor sequence, used in the construction of the
PGADGH cDNA library, is indicated in boldface. The stop codon
(tga) and polyadenylation signal (aataaa) of the cathepsin L gene
are underlined once and twice, respectively. Numbers in the right
margin indicate positions of nucleotides.

strain S. cerevisiae was cotransformed with CL10 and
either pGBTI9-CKllx or pGBT9-CKIIS, and the protein—
protein interactions were detected by the expression of the
HIS3 reporter gene. All hybrid plasmids were also tested
against the empty expression vectors pGBT9 and
PGADGH in order to control for autonomous activation of
the hybrid proteins. In those control transformants,
expression of the reporter gene was not evident. In contrast
to control transformants, when cathepsin L and CKIIJ
hybrid proteins were co-expressed in the reporter cells, the
transformants were able to grow on selective media
lacking tryptophan, leucine, and histidine. These data
indicated that cathepsin L interacts specifically with the
subunit of CKII, but not with the o subunit (Fig. 2). The
present study supports the idea that the § subunit of CKII
can mediate the interaction of the catalytic subunit with
target proteins. As a positive control, when the reporter
strains were cotransformed with pGBT9-CKIIS and
pGADGH-CKIle, transactivation of the HIS3 gene
occurred (Fig. 2).

Cathepsin L is a lysosomal cysteine protease which
plays a major role in intracellular protein degradation
(Barrett and Kirschke, 1981). Cathepsin L is synthesized as
an inactive prepro-enzyme, which is processed to a
proenzyme and targeted from the endoplasmic reticulum to
the lysosome. The enzyme is further processed to the fully
active mature form (Kominami ez al., 1988; Mason et al.,
1989).

CKII has been isolated from the cytoplasm, nuclei,
mitochondria, and cell membrane (Pinna, 1990; 1997;
Issinger, 1993). However, a recent study indicated that
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Fig. 2. Specific interaction of cathepsin L with the f subunit of CKIL The §. cerevisiae reporter strain was cotransformed with CL10
and each CKII subunit-fused DNA binding domain vector (A). pGBTY and pGADGH encode the DNA binding domain and
transcriptional activation domain of the GAL4 protein, respectively. pGBT9-CKllor and pGBT9-CKIIf are pGBT9 containing the full-
length o and B subunits of human CKII, respectively (Kim ef al., 1996). pGADGH-CKlla is pGADGH containing the full-length o
subunit of human CKII (Kim et al., 1998). Individual Trp* Leu® transformants were streaked onto selective media either lacking
tryptophan and leucine (B) or lacking tryptophan, leucine, and histidine (C). The plates were incubated at 30°C for 3 d.

$
MNPTLILAAFCLGIASATLT FDHSLEAQWTKWKAMHNRLYGMNE EGWRRAVWEKNM 56

KMIELHNQEYREGKHS FTMAMNAFGDMTSEEFRQVMNGFONRKPREGKVEQEPLEY 112
E;PRSV'DWREKGYVTPVKNQGQCGSCW}\FSATGALE [GOMFRKTGRLISLSEQNLVD 168
CSGPOGNEGCNGGLMDYAPQYVQDNGGLDSEESY PYEATEESCKYNPKYSVANDTG 224
FVDIPKQEKALMKAVATVGPISVAIDAGHESFLFYKEGIYFEPDCSSEDMDHGVLV 280

VGYGFESTESDNNKYWLVKNSHGEEWGMGGY VKMAKDRRNHCGIASAASYPTV] 333

Fig. 3. The putative CKII-phosphorylation sites within the
human prepro-cathepsin L protein. The putative CKII-
phosphorylation sites are underlined. Brackets indicate the region
of the cathepsin L included in CL10. Four putative CKII-
phosphorylation sites reside in CL10. Positions at which
processing occur are indicated by arrows (Gal and Gottesman,
1988; Kominami et al., 1988; Mason er al., 1989). Numbers in
the right margin indicate positions of amino acids.

CKII might be localized in the lumen of the endoplasmic
reticulum and that it phosphorylates microsomal calcium-
binding proteins 1 and 2 (Chen ez al., 1996). These results
raise the possibility that cathepsin L may be
phosphorylated by CKII in the lumen of the endoplasmic
reticulum. CKII preferentially phosphorylates Ser/Thr
residues followed by a stretch of acidic residues on the
immediate C-terminal side. Among these acidic residues,
the third position after the phosphoacceptor is the most
important determinant (Pinna, 1990; 1997; Issinger, 1993).
Cathepsin L has five putative CKII-phosphorylation sites,
viz., Thr-84, Ser-160, Ser-270, Thr-288, and Ser-301.
Among these, four putative sites reside in the clone, CL10
(Fig. 3). Whether CKII phosphorylates cathepsin L in vitro
is under study. The ribosomal protein L5, which was

identified as a CKIIf-associating protein in the previous
study (Kim et al., 1996), turned out to be phosphorylated
by CKII in vitro (Park and Bae, manuscript in preparation).

In addition to its role in protein degradation, cathepsin
L is involved in a variety of disease processes including
cancer metastasis. The enzyme is expressed in higher
levels in malignantly transformed cells than in normal cells
(Chauhan et al, 1991). The expression of CKII is also
enhanced in tumor tissues (Issinger, 1993). The elevated
expression and their interaction of both proteins may be
related to tumor growth. Further studies will be required to
clarify the funtional significance of the interaction between
CKII and cathepsin L.
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