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Protein kinase CKII (CKII) is required for progression
through the cell division cycle. We recently reported that the
β subunit of protein kinase CKII (CKII β) associates with
CKBBP1 that contains the Ring-H2 finger motif in the yeast
two-hybrid system. We demonstrate here that the Ring-H2
finger-disrupted mutant of CKBBP1 does not interact with
purified CKII β in vitro, which shows that the Ring-H2 finger
motif is critical for direct interaction with CKII β.  The CKII
holoenzyme is efficiently co-precipitated with the wild-type
CKBBP1, but not with the Ring-H2 finger-disrupted
CKBBP1, from whole cell extracts when epitope-tagged
CKBBP1 is transiently expressed in HeLa cells. Disruption
of the Ring-H2 finger motif does not affect the cellular
localization of CKBBP1 in HeLa cells. The increased
expression of either the wild-type CKBBP1 or Ring-H2
finger-disrupted CKBBP1 does not modulate the protein or
the activity levels of CKII in HeLa cells. However, the stable
expression of Ring-H2 finger-disrupted CKBBP1 in HeLa
cells suppresses cell proliferation and causes the
accumulation of the G1/G0 peak of the cell cycle. The Ring-
H2 finger motif is required for maximal CKBBP1
phosphorylation by CKII, suggesting that the stable binding
of CKBBP1 to CKII is necessary for its efficient
phosphorylation. Taken together, these results suggest that
the complex formation of CKIIβ with CKBBP1 and/or
CKII-mediated CKBBP1 phosphorylation is important for
the G1/S phase transition of the cell cycle.

Keywords: Cell proliferation, CKBBP1/SAG, Protein-protein
interaction, Protein kinase CKII, Ring-H2 finger motif

Introduction

3URWHLQ� NLQDVH� &.,,� �&.,,�� LV� D� XELTXLWRXV� DQG� KLJKO\�

FRQVHUYHG�6HU�7KU�NLQDVH��,W�LV�IRXQG�LQ�DOO�RI�WKH�HXNDU\RWHV

WKDW� ZHUH� H[DPLQHG�� DV� ZHOO� DV� LQ� YDULRXV� VXEFHOOXODU

FRPSDUWPHQWV� �3LQQD�� ������ ,VVLQJHU�� ������ $OOHQGH� DQG

$OOHQGH�� ������� &.,,� LV� D� FDOFLXP�LQGHSHQGHQW� DQG� F\FOLF

QXFOHRWLGH�LQGHSHQGHQW� HQ]\PH� WKDW� XWLOL]HV� HLWKHU� $73� RU

*73�DV� D�SKRVSKDWH�GRQRU��&.,,� LV� D�KHWHURWHWUDPHU�RI� WZR

FDWDO\WLF��α�DQG��RU�α’��DQG�WZR�UHJXODWRU\��β��VXEXQLWV��7KH�α
DQG�α’ � VXEXQLWV� DUH� GLIIHUHQW� JHQH� SURGXFWV�� DQG� H[KLELW� WKH
FDWDO\WLF�DFWLYLW\�RI�WKH�HQ]\PH��7KH�β�VXEXQLW�LV�D�UHJXODWRU\
VXEXQLW�WKDW�PRGXODWHV�WKH�FDWDO\WLF�DFWLYLW\�RI�WKH�α�VXEXQLW�
,W� DOVR� PHGLDWHV� WKH� WHWUDPHU� IRUPDWLRQ� DQG� VXEVWUDWH

UHFRJQLWLRQ��/LQ�HW�DO���������-DNREL�DQG�7UDXJK���������7KH

&.,,� H[SUHVVLRQ� OHYHO� LV� JUHDWO\� HQKDQFHG� LQ� SUROLIHUDWLQJ

FHOOV� DQG� WXPRU� WLVVXHV� �0ûQVWHUPDQQ�HW� DO��� ������ ,VVLQJHU�

�������DQG�WKH�RYHUH[SUHVVLRQ�RI�WKH�α�VXEXQLW�RI�&.,,�FDXVHV
O\PSKRPDV� LQ� WUDQVJHQLF� PLFH� �6HOGLQ� DQG� /HGHU�� �����

.HOOLKHU�HW�DO����������&.,,�SKRVSKRU\ODWHV�D�EURDG�VSHFWUXP

RI�VXEVWUDWHV�WKDW�DUH�LQYROYHG�LQ�FHOO�JURZWK�DQG�SUROLIHUDWLRQ�

7KHVH� LQFOXGH� '1$�ELQGLQJ� SURWHLQV�� QXFOHDU� RQFRSURWHLQV�

DQG�WUDQVFULSWLRQ�IDFWRUV��3LQQD��������,VVLQJHU��������$OOHQGH

DQG� $OOHQGH�� ������� *HQHWLF� DQDO\VHV� LQ� \HDVW� KDYH

GHPRQVWUDWHG� WKDW� &.,,� LV� HVVHQWLDO� IRU� WKH� FHOO�F\FOH

SURJUHVVLRQ� LQ� *�� DQG� *��0� �+DQQD� HW� DO��� ������� 7KHVH

REVHUYDWLRQV�VXJJHVW�WKDW�&.,,�SOD\V�D�VLJQLILFDQW�UROH�LQ�WKH

FHOO�SUROLIHUDWLRQ�DQG�FHOO�GLYLVLRQ�F\FOH��KRZHYHU��LWV�SUHFLVH

SK\VLRORJLFDO� UROH� DQG� UHJXODWRU\�PHFKDQLVP� UHPDLQ� ODUJHO\

XQNQRZQ�

,Q� RUGHU� WR� VWXG\� WKH� SK\VLRORJLFDO� UROH� DQG� UHJXODWRU\

PHFKDQLVP� RI� &.,,�� ZH� LGHQWLILHG� KXPDQ� FHOOXODU� SURWHLQV

*To whom correspondence should be addressed.
Tel: 82-53-950-6355; Fax: 82-53-943-2762
E-mail: ysbae@knu.ac.kr

Abbreviations: CKII, protein kinase CKII (formerly casein kinase
II); CKBBP, CKIIβ-binding protein; FACS, fluorescence-activated
cell sorter; GFP, green fluorescent protein; PCR, polymerase chain
reaction; PMSF, phenylmethylsulfonyl fluoride; SAG, sensitive-to-
apoptosis gene; SDS, sodium dodecyl sulfate.
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WKDW� LQWHUDFW� ZLWK� &.,,� XVLQJ� WKH� \HDVW� WZR�K\EULG� V\VWHP

�3DUN�DQG�%DH���������,Q�RXU�SUHYLRXV�VWXG\��ZH�UHSRUWHG�WKDW

D� SURWHLQ� FDOOHG� &.%%3�� �&.,,β�ELQGLQJ� SURWHLQ� ��� LV� D
FHOOXODU� LQWHUDFWLRQ�SDUWQHU�RI� WKH�β� VXEXQLW�RI�&.,,� �6RQ�HW
DO����������7KLV�SURWHLQ�ZDV�DOVR�LGHQWLILHG�E\�RWKHUV�DQG�JLYHQ

WKH� QDPH� 6$*� �VHQVLWLYH� WR� DSRSWRVLV� JHQH�� �'XDQ� HW� DO��

������� &.%%3��6$*� LV� D� 5LQJ�+�� ILQJHU�PRWLI�FRQWDLQLQJ

SURWHLQ� ZLWK� D� PROHFXODU� ZHLJKW� RI� ���� N'D�� ZKLFK� LV

ORFDOL]HG� LQ�ERWK� WKH�QXFOHXV� DQG� F\WRSODVP�RI� FHOOV��52&�

�DOVR� FDOOHG� 5E[�� DQG� +UW���� D� &.%%3�� KRPRORJXH�� LV� D

FRPSRQHQW� RI� WKH� 6&)� �6NLS��&XOOLQ�)�ER[� SURWHLQ�� (�

XELTXLWLQ�OLJDVH�FRPSOH[��DV�ZHOO�DV�RI�WKH�YRQ�+LSSHO�/LQGDX

�9+/��WXPRU�VXSSUHVVRU�FRPSOH[��.DPXUD�HW�DO���������2KWD

HW�DO���������6NRZ\UD�HW�DO���������

,Q� WKH� SUHVHQW� VWXG\�� ZH� FRQVWUXFWHG� D� 5LQJ�+�� ILQJHU�

GLVUXSWHG�PXWDQW� IRUP� RI�&.%%3���:H� VKRZ� KHUH� WKDW� WKH

5LQJ�+�� ILQJHU�PRWLI� RI�&.%%3�� LV� QHFHVVDU\� IRU� HIILFLHQW

ELQGLQJ�WR�&.,,β,  DV�ZHOO�DV�IRU�RSWLPDO�FHOO�SUROLIHUDWLRQ�

Materials and Methods

Antibodies $� SRO\FORQDO� DQWL�&.%%3�� DQWLERG\� ZDV� UDLVHG

DJDLQVW�UHFRPELQDQW�&.%%3���DV�GHVFULEHG�HOVHZKHUH��6RQ�HW�DO��

������� 7KH� SRO\FORQDO� DQWL�&.,,α� DQG� PRQRFORQDO� DQWL�&.,,β
DQWLERGLHV�ZHUH�REWDLQHG�IURP�&DOELRFKHP��/D�-ROOD��86$��

Site-directed mutagenesis and plasmid constructionsThe
bacterial expression vector pET14b-CKBBP1, which expresses the
full-length CKBBP1 with a hexahistidine (His) tag to the amino
terminus, was described previously (Son et al., 1999). To replace
both Cys 80 and His 82 within the Ring-H2 finger motif of
CKBBP1 with Ala, an overlap extension PCR was performed as
described (Ho et al., 1989). The desired mutations were
incorporated into oligonucleotide primers. Two initial PCRs were
performed with either the N-terminal forward (N) primer (5’-
CGGCCATATGGCCGACGTGGAAGACGG-3’) and mutagenic
reverse primer (5’-AGTTGTGGAAGGATGCATTTGCTTCTCCC
CAGA-3’), or the mutagenic forward primer (5’-TCTGGGGA
GAAGCAAATGCATCCTTCCACA-3’) and C-terminal reverse
(C) primer (5’-CTAACTCGAGTCATTTGCCGATTCTTTGGA-3’).
Equal amounts of these two PCR products were mixed, denatured,
reannealed, then applied to a second PCR using the N and C
primers. After digestion of the PCR products with NdeI/XhoI, the
fragment was ligated into the NdeI/XhoI sites of pET14b.

To generate a Myc-His-tagged CKBBP1 expression construct,
the CKBBP1 cDNA was PCR-amplified using the primers 5’-
CCGGAATTCCGCCATGGCCGACGTGGAAGA-3’ and 5’-GCG
GGATCCATTTGCCGATTCTTTGGACCA-3’. The PCR fragment
was digested with EcoRI and BamHI, then subcloned into the
EcoRI- and BamHI-digested pcDNA3.1/Myc-His vectors
(Invitrogene, Carlsbad, USA). To generate a green fluorescent
protein (GFP)-tagged CKBBP1 expression construct, the CKBBP1
cDNA was PCR-amplified using the primers 5’-CGCGGCCTCGA
GATGGCCGACGTGGAAG-3’ and 5’-CTATCGGATCCCCTTT
GCCGATTCTTTG-3’. The PCR fragment was digested with XhoI
and BamHI, then subcloned into XhoI- and BamHI-digested
pEGFP-N1 vectors (Clontech, Palo Alto, USA). The construct

sequences were confirmed by nucleotide sequencing.

Purification of CKII and CKBBP1 +XPDQ�&.,,�KRORHQ]\PH

DQG� &.,,β� ZHUH� H[SUHVVHG� DQG� SXULILHG� LQ�(�� FROL�� DV� GHVFULEHG
SUHYLRXVO\��.LP�HW�DO����������+XPDQ�&.%%3��ZDV�H[SUHVVHG�DQG

SXULILHG�LQ�(��FROL��DV�GHVFULEHG�SUHYLRXVO\��6RQ�HW�DO���������

Cell culture and establishment of stable cell line The HeLa
cells were grown in Dulbecco’s modified Eagle’s media that was
supplemented with 10% fetal bovine serum at 37oC in 5% CO2. To
transiently express the Myc-His-tagged CKBBP1 in cells, the HeLa
cells were transfected with the Myc-His-tagged CKBBP1
constructs using Lipofectamine (Qiagen, Hilden, Germany), as
described by the manufacturer. At 12 h after the transfection, the
medium was changed, and the cells were grown for another 36 h
before being harvested. To establish CKBBP1-expressing stable
cell lines, the HeLa cells were transfected with the Myc-His-tagged
CKBBP1 constructs or the vector control by Lipofectamine. One
day later, the cells were cultured in the presence of 1 mg/ml G418.
After 2 weeks, the clones were picked and grown in the same
medium in the presence of 100µg/ml G418. Stable clones were
examined for protein expression by Western blotting.

Preparation of HeLa cell extract )RU� WKH�1L� SXOO�GRZQ� DVVD\�

DSSUR[LPDWHO\��× ����+H/D�FHOOV� LQ���� PP�GLVKHV�ZHUH�ZDVKHG

ZLWK� LFH�FROG� SKRVSKDWH�EXIIHUHG� VDOLQH� �3%6��� FROOHFWHG� E\

VFUDSLQJ�ZLWK� D� UXEEHU� SROLFHPDQ�� DQG� O\VHG� LQ����µO� RI� DQ� LFH�
FROG� 5,3$� EXIIHU� ��� P0�7ULV�+&O�� S+� ����� ��� P0�1D&O�� ��

13����� ����� VRGLXP� GHR[\FKRODWH�� ����� 6'6�� ��� P0� 306)�

� µJ�PO� DSURWLQLQ�� �µJ�PO� OHXSHSWLQ�� DQG� �µJ�PO� SHSVWDWLQ��� )RU

WKH� &.,,� DFWLYLW\� DVVD\�� WKH� FHOOV� ZHUH� O\VHG� LQ� D� O\VLV� EXIIHU

��� P0� 7ULV�+&O�� S+� ����� �� P0� 1D&O�� � P0� 0J&O��� � P0

('7$�����1RQLGHW�3�������� P0�306)���µJ�PO�DSURWLQLQ���µJ�
PO� OHXSHSWLQ�� �µJ�PO� SHSVWDWLQ�� � P0� VRGLXP� RUWKRYDQDGDWH�

� P0�VRGLXP�S\URSKRVSKDWH��DQG�� PΜ�S�QLWURSKHQ\O�SKRVSKDWH�

E\�VRQLFDWLRQ��7KH�SDUWLFXODWH�GHEULV�ZDV�UHPRYHG�E\�FHQWULIXJDWLRQ

DW� ������× J��7KH� VXSHUQDWDQW� YROXPHV�ZHUH� DGMXVWHG� WR� JLYH� DQ

HTXDO�SURWHLQ�FRQFHQWUDWLRQ�

Western blotting 7KH� SURWHLQV�ZHUH� VHSDUDWHG� RQ� D� ��� RU� ���

SRO\DFU\ODPLGH� JHO� LQ� WKH� SUHVHQFH� RI� 6'6�� WKHQ� WUDQVIHUUHG

HOHFWURSKRUHWLFDOO\� WR�D�QLWURFHOOXORVH�PHPEUDQH� �<L�HW�DO���������

7KH�PHPEUDQH�ZDV�EORFNHG�ZLWK����VNLP�PLON�LQ�7%67���� P0�

7ULV�+&O�� S+� ����� ��� P0�1D&O�� DQG� ������7ZHHQ� ���� IRU� � K�

WKHQ�LQFXEDWHG�ZLWK�DQWLERGLHV�WKDW�DUH�VSHFLILF�WR�&.%%3���&.,,β,
RU� &.,,α� DW� D� � � ���� GLOXWLRQ� LQ� ��� VNLP� PLON� IRU� � K�� 7KH

PHPEUDQH�ZDV�ZDVKHG���WLPHV�LQ�7%67��WKHQ�WUHDWHG�ZLWK�WKH�(&/

V\VWHP��$PHUVKDP�&RUS��%XFNLQJKDPVKLUH��8.��

Pull-down assays ,Q� YLWUR� ELQGLQJ� DVVD\V� ZHUH� SHUIRUPHG� E\

LQFXEDWLQJ� 1L�17$� DJDURVH� EHDGV� ZLWK� ��� QJ� RI� SXULILHG� +LV�

&.%%3��DQG�&.,,β� LQ� ��� �O� RI� D� ELQGLQJ� EXIIHU� ��� P0�7ULV�

+&O��S+��������� P0�1D&O��DQG�� P0�306)���7KH�UHDFWLRQ�ZDV

DOORZHG� WR� SURFHHG� IRU� � K�ZKLOH� URFNLQJ� DW� �R&��$IWHU� WKH� EHDGV

ZHUH�ZDVKHG�WKUHH�WLPHV�ZLWK�D�ZDVKLQJ�EXIIHU���� P0�7ULV�+&O�

S+��������� P0�1D&O��� P0�306)��DQG��� P0�LPLGD]ROH��� WKH

ERXQG� SURWHLQV� ZHUH� HOXWHG� ZLWK� DQ� HOXWLRQ� EXIIHU� ��� P0� 7ULV�

+&O�� S+� ����� ��� P0� 1D&O�� � P0� 306)�� DQG� ��� P0



Ring-H2 Finger Motif of CKBBP1 631

LPLGD]ROH��� GHQDWXUHG� LQ� D� � î 6'6� UHGXFLQJ�SURWHLQ�JHO�ORDGLQJ

EXIIHU�� WKHQ� UHVROYHG� E\� 6'6�SRO\DFU\ODPLGH� JHO� HOHFWURSKRUHVLV�

7KH�HOXWHG�SURWHLQV�ZHUH�YLVXDOL]HG�E\�:HVWHUQ�EORWWLQJ�ZLWK�DQWL�

&.%%3��RU�DQWL�&.,,β�DQWLERGLHV��)RU�WKH�LQ�YLYR�ELQGLQJ�DVVD\V�
WKH�1L�17$�DJDURVH�EHDGV�ZHUH�LQFXEDWHG�ZLWK�O\VDWHV�IURP�+H/D

FHOOV�WKDW�ZHUH�WUDQVIHFWHG�ZLWK�WKH�SF'1$����0\F�+LV�&.%%3��

7KH�LPPRELOL]HG�FRPSOH[HV�ZHUH�UHFRYHUHG�E\�DQ�HOXWLRQ�VWHS�WKDW

ZDV�SHUIRUPHG�DV�SUHYLRXVO\�GHVFULEHG��DQG�YLVXDOL]HG�E\�:HVWHUQ

EORWWLQJ�ZLWK�DQWL�&.,,α��DQWL�&.,,β��RU�DQWL�&.%%3��DQWLERGLHV�

CKII activity assay 7KH� VWDQGDUG� DVVD\� IRU� &.,,

SKRVSKRWUDQVIHUDVH� DFWLYLW\� ZDV� FRQGXFWHG� LQ� D� UHDFWLRQ� PL[WXUH

WKDW� FRQWDLQHG� �� P0� 7ULV�+&O�� S+� ����� ��� P0� .&O�� �� P0

0J&O��� DQG� ��� µ0� >γ���3@� $73� LQ� WKH� SUHVHQFH� RI� D� � P0

V\QWKHWLF� SHSWLGH� VXEVWUDWH� �555(((7(((�� LQ� D� WRWDO� YROXPH�RI

�� µO�DW���R&��7KH�UHDFWLRQV�ZHUH�VWDUWHG�E\�WKH�DGGLWLRQ�RI�+H/D

FHOO�O\VDWHV�RU�&.%%3��FR�SUHFLSLWDWHV��DQG�LQFXEDWHG�IRU��� PLQ�

7KH� UHDFWLRQ� ZDV� VWRSSHG� E\� WKH� DGGLWLRQ� RI� WULFKORURDFHWLF� DFLG

�7&$��WR�D�ILQDO�FRQFHQWUDWLRQ�RI�����DQG�FHQWULIXJHG��DQG��� µO�RI
VXSHUQDWDQW�ZDV�DSSOLHG� WR�3����SDSHU��7KH�SDSHU�ZDV�ZDVKHG� LQ

��� P0�SKRVSKRULF� DFLG�� DQG� WKH� UDGLRDFWLYLW\�ZDV�PHDVXUHG� E\

VFLQWLOODWLRQ�FRXQWLQJ�

Phosphorylation of CKBBP1 by CKII 3KRVSKRU\ODWLRQ�RI� WKH

+LV�WDJJHG�&.%%3��E\�&.,,�ZDV�SHUIRUPHG�LQ�D�UHDFWLRQ�PL[WXUH

WKDW� FRQWDLQHG� �� P0� 7ULV�+&O�� S+� ����� ��� P0� .&O�� �� P0

0J&O���� P0�'77��� P0�(*7$����� µ0�>γ���3@$73��DQG�� µJ�RI
+LV�WDJJHG�&.%%3��LQ�D�WRWDO�YROXPH�RI��� µO��7KH�UHDFWLRQV�ZHUH
VWDUWHG�E\�WKH�DGGLWLRQ�RI�SXULILHG�&.,,��DQG�LQFXEDWHG�IRU��� PLQ�DW

��R&�� 7KH� VDPSOHV� ZHUH� WKHQ� VHSDUDWHG� RQ� ���� 6'6�

SRO\DFU\ODPLGH� JHO�� 7KH� JHO� ZDV� VWDLQHG� ZLWK� &RRPDVVLH� EOXH�

GULHG��DQG�VXEMHFWHG�WR�DXWRUDGLRJUDSK\�

Subcellular localization of CKBBP1 To determine the

subcellular localization of the wild-type and mutant CKBBP1, the
GFP-tagged CKBBP1 was transiently-expressed in HeLa cells.
Green fluorescence images were obtained using a confocal
microscope after 48 h of transfection.

Growth curves The HeLa cells that stably expressed the wild-
type or mutant CKBBP1 were seeded in six-well dishes at a starting
density of 5,000 cells/well; duplicate wells were used for each cell
line. Every 48 h, the cells were trypsinized and counted in triplicate
using a hemocytometer. Trypan blue was used to distinguish the

Fig. 1. Specific interaction of the Ring-H2 finger motif of
CKBBP1 with the CKIIβ subunit in vitro. Ni-NTA agarose beads
coated with His-CKBBP1WT (lanes 2 and 4) or His-CKBBP1C80A/

H82A (lane 3) proteins were incubated in the presence (lanes 1-3)
or absence (lane 4) of CKIIβ. The reaction was allowed to
proceed for 1 h while rocking at 4oC. After an extensive wash,
the immobilized complexes were recovered by an elution step
that was performed in the presence of 200 mM imidazole. The
proteins were separated by 15% (w/v) SDS-polyacrylamide gel
electrophoresis, and visualized by Western blotting with anti-
CKIIβ or anti-CKBBP1 antibodies. Lane 1, the CKIIβ    protein
was incubated with the control Ni-NTA agarose beads.

Fig. 2. Interaction of CKBBP1 with CKIIβ in vivo. (A) HeLa
cells were transiently transfected with the plasmids that encode
Myc-His-CKBBP1WT (lanes 2 and 4) or Myc-His-CKBBP1C80A/

H82A (lane 3). The empty vector (pcDNA3.1/Myc-His) was used
as the control (lane 1). At 48 h after transfection, the cells were
harvested and lysed. The lysates were then used for the
precipitation of exogenously expressed CKBBP1 with Ni-NTA
agarose. Amylose resin was used for the negative control
precipitation. The immobilized complexes were recovered by an
elution step using 200 mM imidazole. The proteins were
separated by 15% (w/v) SDS-polyacrylamide gel electrophoresis
and visualized by Western blotting with anti-CKIIα, anti-CKIIβ,
or anti-CKBBP1 antibodies. (B) The activity of CKII in Myc-
His-CKBBP1WT or Myc-His-CKBBP1C80A/H82A co-precipitates from
the HeLa cell lysates was assessed in the presence of [γ-32P]ATP
and the CKII substrate peptide (RRREEETEEE). The 32P
incorporation in the substrate peptide was measured by
scintillation counting. The bars represent the relative activity of
CKII that was determined. The error bars represent the range of
duplicate experiments, each of which was analyzed twice by
scintillation counting.
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viable cells from the non-viable cells.

FACS analysis 7KH�+H/D�FHOOV��� × �����ZHUH�VHHGHG�LQ�����PP

GLVKHV� WKDW� FRQWDLQHG�'XOEHFFRV�PRGLILHG�(DJOHV�PHGLD� WKDW�ZDV

VXSSOHPHQWHG�ZLWK�����IHWDO�ERYLQH�VHUXP��7KLUW\�VL[�KRXUV�ODWHU�

WKH� FHOOV� ZHUH� FROOHFWHG� LQ� 3%6� WKDW� FRQWDLQHG� ��� IHWDO� ERYLQH

VHUXP��IL[HG�LQ�����HWKDQRO�IRU�� K�DW��R&��WKHQ�LQFXEDWHG�LQ��� µJ�
PO� '1DVH�IUHH� 51DVH� $� �6LJPD�� 6W�� /RXLV�� 86$��� �� µJ�PO

SURSLGLXP�LRGLGH��6LJPD��6W��/RXLV��86$���DQG������VRGLXP�FLWUDWH

IRU��� PLQ�DW���R&��$�IORZ�F\WRPHWULF�GHWHUPLQDWLRQ�RI�WKH�FHOOXODU

'1$� FRQWHQW�ZDV� SHUIRUPHG� RQ� D�&RXOWHU� (OLWH� (63�&HOO� 6RUWHU

�%HFNPDQ�� 3DOR� $OWR�� 86$��� 7KH� IRUZDUG� DQG� VLGH� VFDWWHU� JDWHV

ZHUH�VHW�WR�H[FOXGH�DQ\�GHDG�FHOOV�IURP�WKH�DQDO\VLV���������HYHQWV

ZLWKLQ�WKLV�JDWH�ZHUH�DFTXLUHG�SHU�VDPSOH�

Results and Discussion

Ring-H2 finger motif of CKBBP1 is critical for direct
interaction with CKII β in vitro Direct CKBBP1
interaction with the β subunit of CKII was further tested in
vitro using a hexahistidine (His) pull-down assay. The purified
His-CKBBP1 fusion protein was immobilized on Ni-NTA
agarose beads and incubated with the purified CKIIβ protein.
The beads were washed, and the bound CKIIβ protein was
visualized by Western blotting with an anti-CKIIβ antibody.
As shown in Figure 1 (lanes 1 and 2), the CKIIβ subunit was
capable of binding to the beads that contained His-CKBBP1WT

(wild-type), but not to the control beads. These results confirm
that the β subunit of CKII interacts directly with CKBBP1.
7KH� &�WHUPLQDO� KDOI� RI� ERWK� &.%%3��6$*� DQG� 52&��

5E[��+UW�� FRQWDLQ� WKH� 5LQJ�+�� ILQJHU� PRWLI� �'XDQ� HW� DO��

������.DPXUD�HW�DO���������2KWD�HW�DO���������6NRZ\UD�HW�DO��

������6RQ� HW�DO����������7KH�IXQFWLRQ�RI� WKH�5LQJ�+��ILQJHU

PRWLI�LV�XQNQRZQ��EXW�LW�KDV�EHHQ�SURSRVHG�WKDW�LW�LV�LQYROYHG

LQ�WKH�SURWHLQ�SURWHLQ�LQWHUDFWLRQ��51$��'1$��DQG�PHWDO�LRQ

ELQGLQJV� �6DXULQ� HW� DO��� ������� 7R� WHVW�ZKHWKHU� WKH�5LQJ�+�

ILQJHU�PRWLI�RI�&.%%3�� LV� UHTXLUHG� IRU� WKH� LQWHUDFWLRQ�ZLWK

&.,,β� LQ� YLWUR�� ZH� FRQVWUXFWHG� D� PXWDQW� &.%%3� &��$�+��$�

ZKLFK�KDV�DODQLQH�PXWDWLRQV�DW�F\VWHLQ����DQG�KLVWLGLQH����WR

GLVUXSW� WKH�5LQJ�+�� ILQJHU�PRWLI��:H� WKHQ� SHUIRUPHG� D� FR�

SUHFLSLWDWLRQ�H[SHULPHQW�XVLQJ�1L�17$�DJDURVH��$V�VKRZQ�LQ

)LJXUH����WKH�&.,,β�VXEXQLW�ZDV�LQFDSDEOH�RI�ELQGLQJ�WR�EHDGV
WKDW� FRQWDLQHG� +LV�&.%%3�&��$�+��$�� 7KHVH� UHVXOWV� LQGLFDWH

WKDW DQ�LQWDFW�5LQJ�+��ILQJHU�PRWLI�RI�&.%%3��LV�QHFHVVDU\

IRU�WKH�LQWHUDFWLRQ�ZLWK�WKH�β�VXEXQLW�RI�&.,,�

Interaction of CKBBP1 with CKII β in HeLa cells In order
to examine whether CKBBP1 interacts with the CKIIβ subunit
in human cells, the HeLa cells were transiently transfected with
plasmids that encoded Myc-His-tagged CKBBP1WT or Myc-
His-tagged CKBBP1C80A/H82A. The empty vector (pcDNA3.1/
Myc-His) was used as the control. The Myc-His tag that was
incorporated into the CKBBP1 sequence permitted the
precipitation of the exogenously expressed CKBBP1 with the
Ni-NTA agarose. At 48 h after transfection, the cells were
harvested, and the Myc-His-CKBBP1 expression was detected
by co-precipitation experiments with Ni-NTA agarose and
Western blotting using anti-CKBBP1 antibody. As shown in
Figure 2A, Myc-His-tagged CKBBP1 proteins were detected in
the HeLa cells that were transfected with pcDNA3.1/Myc-His-
CKBBP1, but not with the pcDNA3.1/Myc-His vector alone.
Western blots of the co-precipitates that were probed the anti-
CKIIβ antibody showed that CKIIβ were co-precipitated with
the wild-type CKBBP1 in the HeLa cells that were transfected
with the pcDNA3.1/Myc-His-CKBBP1WT. This indicates that
the wild-type CKBBP1 interacts with CKIIβ in HeLa cells. In
contrast to the in vitro experiment, a small amount of CKIIβ
was detectable in the Ni-resin precipitates from the HeLa cells
that were transfected with the pcDNA3.1/Myc-His-
CKBBP1C80A/H82A. Quantification by a densitometer analysis
revealed that the disruption of the Ring-H2 finger motif reduced
the binding of CKBBP1 to CKIIβ 3.5-fold. The negative-
control precipitation with an irrelevant resin (amylose resin) did
not bring down the CKBBP1-CKII complex from the HeLa
cells that were transfected with the pcDNA3.1/Myc-His-
CKBBP1.

Western blots of these co-precipitates that were probed the
anti-CKIIα antibody showed that CKIIα co-precipitated with
the wild-type CKBBP1, which demonstrates that the wild-
type CKBBP1 interacts with the CKII holoenzyme, as well as
the CKIIβ subunit (Fig. 2A). Using the synthetic peptide
substrate RRREEETEEE, the phosphotransferase activity of

Fig. 3. Cellular localization of wild-type and mutant CKBBP1. HeLa cells were transfected with pEGFP, pEGFP-CKBBP1WT, or
pEGFP-CKBBP1C80A/H82A. After 48 h of transfection, green fluorescence images were obtained using a confocal microscope.
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the CKII holoenzyme in CKBBP1 co-precipitates was also
determined. CKII activity was highly detected in the
CKBBP1WT co-precipitates from the HeLa cells that were
transfected with the pcDNA3.1/Myc-His-CKBBP1WT.
However, the CKBBP1C80A/H82A co-precipitates contained only
30% of CKII activity in the CKBBP1WT co-precipitates. CKII
activity was only slightly detected in the Ni-resin precipitates
from the HeLa cells that were transfected with pcDNA3.1/
Myc-His, and in the amylose resin precipitates from the HeLa
cells that were transfected with pcDNA3.1/Myc-His-
CKBBP1WT (Fig. 2B). These experimental results show that
the wild-type CKBBP1 interacts with endogenous CKIIβ, as
well as the CKII holoenzyme in HeLa cells. Preferential
interaction of CKII with CKBBP1WT to CKBBP1C80A/H82A

indicates that the Ring-H2 finger motif of CKBBP1 is
involved in CKIIβ-binding in HeLa cells.

Wild-type and Ring-H2 finger-disrupted CKBBP1
proteins localize in both nucleus and cytoplasm 7KH

SURWHLQ�SURWHLQ� LQWHUDFWLRQ� UHJXODWHV� WKH� VXEFHOOXODU

WUDQVORFDWLRQ�RI�VRPH�SURWHLQV��5RQ�DQG�.D]DQLHW]���������7R

H[DPLQH�WKH�GLIIHUHQFHV�LQ� WKH�VXEFHOOXODU� ORFDOL]DWLRQ�RI� WKH

ZLOG�W\SH� DQG� 5LQJ�+�� ILQJHU�GLVUXSWHG� &.%%3�� SURWHLQV�

ZH� IXVHG� &.%%3�:7� DQG� &.%%3�&��$�+��$� WR� *)3�

UHVSHFWLYHO\��WKHQ�WUDQVLHQWO\�H[SUHVVHG�WKH�IXVLRQ�SURWHLQV�LQ

WKH�+H/D� FHOOV��&RQIRFDO� IOXRUHVFHQFH�PLFURVFRS\� LQGLFDWHG

WKDW�WKH�ZLOG�W\SH�DQG�PXWDQW�&.%%3��ORFDOL]HG�WR�ERWK�WKH

QXFOHXV�DQG�F\WRSODVP��7KLV�VXJJHVWV� WKDW� WKH�DVVRFLDWLRQ�RI

&.%%3�� DQG� &.,,β� GRHV� QRW� DIIHFW� WKH� VXEFHOOXODU

ORFDOL]DWLRQ�RI�&.%%3���)LJ�����

Stable expression of Ring-H2 finger-disrupted CKBBP1 in
HeLa cells 7R�H[DPLQH�WKH�FHOOXODU�HIIHFWV�RI�H[SUHVVLQJ�WKH

5LQJ�+�� ILQJHU�GLVUXSWHG� &.%%3��� +H/D� FHOOV� ZHUH

WUDQVIHFWHG� ZLWK� WKH� SODVPLGV� WKDW� HQFRGH� 0\F�+LV�WDJJHG

&.%%3�:7� DQG� 0\F�+LV�WDJJHG� &.%%3�&��$�+��$�

UHVSHFWLYHO\�� 7KH� HPSW\� YHFWRU� �SF'1$����0\F�+LV�� ZDV

XVHG�DV�WKH�FRQWURO��$IWHU�WKH�*����VHOHFWLRQ��WKH�H[SUHVVLRQ

RI�0\F�+LV�WDJJHG�&.%%3��ZDV�GHWHFWHG�LQ�VWDEOH�+H/D�FHOO

OLQHV� E\� :HVWHUQ� EORWWLQJ� ZLWK� WKH� DQWL�&.%%3�� DQWLERG\

�)LJ�� �$��� 7KH� SKRVSKRWUDQVIHUDVH� DFWLYLW\� RI� &.,,� LQ� WKH

0\F�+LV�&.%%3�� FR�SUHFLSLWDWHV� IURP� VWDEOH� FHOO� OLQH

H[WUDFWV�ZDV�GHWHUPLQHG��$JDLQ��WKH�&.,,�DFWLYLW\�ZDV�KLJKO\

GHWHFWHG� LQ� WKH�0\F�+LV�&.%%3�:7� FR�SUHFLSLWDWHV�� EXW� WKH

0\F�+LV�&.%%3�&��$�+��$�FR�SUHFLSLWDWHV�FRQWDLQHG�RQO\����

RI� WKH� &.,,� DFWLYLW\� LQ� WKH� 0\F�+LV�&.%%3�:7� FR�

SUHFLSLWDWHV��)LJ���%���7KLV�FRQILUPV�WKDW�WKH�5LQJ�+��ILQJHU

PRWLI�RI�&.%%3��LV�UHTXLUHG�IRU�PD[LPDO�&.,,β ELQGLQJ�LQ
+H/D�FHOOV�

&.%%3���RU� LWV�KRPRORJXH�52&���LV�D�FRPSRQHQW�RI�(�

XELTXLWLQ� OLJDVHV� WKDW� PHGLDWH� WKH� GHJUDGDWLRQ� RI� VXEVWUDWH

SURWHLQV��2KWD�HW�DO���������6NRZ\UD�HW�DO���������.DPXUD�HW

DO��� ������� 7KH� 5LQJ�+�� ILQJHU� RI� 52&�� LV� UHTXLUHG� IRU

XELTXLWLQ�OLJDWLRQ��&KHQ�HW�DO����������%HFDXVH�&.%%3��LV�D

&.,,β�ELQGLQJ�SURWHLQ��ZH�K\SRWKHVL]HG�WKDW�&.,,β�FRXOG�EH

GHJUDGHG�E\�XELTXLWLQ�PHGLDWHG�SURWHRO\VLV��7R�LQGLUHFWO\�WHVW

WKLV�K\SRWKHVLV��ZH�H[DPLQHG�WKH�SURWHLQ�OHYHOV�RI�&.,,α�DQG
&.,,β� LQ� WKH�+H/D�FHOOV� WKDW�VWDEO\�H[SUHVV�0\F�+LV�WDJJHG

&.%%3�:7� RU�0\F�+LV�WDJJHG�&.%%3�&��$�+��$��$�:HVWHUQ

EORW�DQDO\VLV� WKDW�XVHG�ZKROH�FHOO�H[WUDFWV�GHPRQVWUDWHG� WKDW

WKH� H[SUHVVLRQ� OHYHOV� RI� ERWK� &.,,α� DQG� &.,,β� ZHUH
XQFKDQJHG�LQ�WKHVH�VWDEOH�FHOO�OLQHV��)LJ���&��XSSHU�SDQHO���,Q

DGGLWLRQ�� WKH� &.,,� DFWLYLW\� DVVD\� XVLQJ� WKHVH� FHOO� H[WUDFWV

LQGLFDWHG�WKDW�WKH�&.,,�NLQDVH�DFWLYLW\�ZDV�XQFKDQJHG�LQ�WKH

VWDEOH�FHOO�OLQHV��)LJ���&��ERWWRP�SDQHO���7KHVH�UHVXOWV�VXJJHVW

Fig. 4. Stable expression of wild-type and mutant CKBBP1
proteins in HeLa cells. (A) Crude lysates of HeLa cells that
stably express the control vector (lane 1), Myc-His-CKBBP1WT

(lane 2), or Myc-His-CKBBP1C80A/H82A (lane 3) were separated on
a 15% (w/v) SDS-polyacrylamide gel and immunoblotted with
an anti-CKBBP1 antibody. (B) Ni-NTA agarose precipitates from
HeLa cells that express the control vector, Myc-His-CKBBP1WT,
or Myc-His-CKBBP1C80A/H82A were used for CKII activity assay
in the presence of [γ-32P]ATP and the CKII substrate peptide
(RRREEETEEE). The 32P incorporation in the substrate peptide
was measured by scintillation counting. The bars and error bars
represent the relative activity of CKII and the range of duplicate
experiments, respectively. (C) Crude lysates of HeLa cells that
stably express the control vector (lane 1), Myc-His-CKBBP1WT

(lane 2), or Myc-His-CKBBP1C80A/H82A (lane 3) were
immunoblotted with anti-CKIIα and anti-CKIIβ antibodies
(upper panel). The crude lysates were also used for the CKII
kinase assay that used [γ-32P]ATP and the substrate peptide
(RRREEETEEE) (bottom panel). The bars and error bars
represent the relative activity of CKII and the range of duplicate
experiments, respectively.
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WKDW�WKH�&.,,�SURWHLQ�OHYHO�LV�QRW�PRGXODWHG�E\�WKH�LQWHUDFWLRQ

RI�&.%%3��ZLWK�&.,,β�LQ�+H/D�FHOOV�

Ring-H2 finger motif of CKBBP1 is necessary for efficient
phosphorylation by CKII 7R�H[DPLQH�ZKHWKHU� WKH� VWDEOH

ELQGLQJ� RI� &.%%3�� WR� &.,,β� LV� UHTXLUHG� IRU� WKH� &.,,�
PHGLDWHG�&.%%3��SKRVSKRU\ODWLRQ��WKH�ZLOG�W\SH�DQG�5LQJ�

+�� ILQJHU�GLVUXSWHG� &.%%3�� ZHUH� LQFXEDWHG� ZLWK� SXULILHG

&.,,�LQ�WKH�SUHVHQFH�RI�>γ���3@$73�IRU�WKH�LQGLFDWHG�WLPH��$V

VKRZQ� LQ� )LJXUH� ��� GLVUXSWLRQ� RI� WKH� 5LQJ�+�� ILQJHU� PRWLI

GUDPDWLFDOO\�UHGXFHG�WKH�&.%%3��SKRVSKRU\ODWLRQ�E\�&.,,�

4XDQWLILFDWLRQ� E\� D� GHQVLWRPHWHU� DQDO\VLV� UHYHDOHG� WKDW� WKH

5LQJ�+�� ILQJHU� GLVUXSWLRQ� UHGXFHG� WKH� &.,,�PHGLDWHG

&.%%3��SKRVSKRU\ODWLRQ���WR���IROG��7KLV�GHPRQVWUDWHV�WKDW

WKH�5LQJ�+��ILQJHU�PRWLI�RI�&.%%3��LV�UHTXLUHG�IRU�HIILFLHQW

SKRVSKRU\ODWLRQ� E\� &.,,�� 6LQFH� LW� ZDV� SUHYLRXVO\

)LJ�� ���5HTXLUHPHQW�RI� WKH�5LQJ�+�� ILQJHU�PRWLI� RI�&.%%3�� IRU� HIILFLHQW�&.,,�SKRVSKRU\ODWLRQ��+LV�WDJJHG�&.%%3�:7� �ODQHV������ RU

+LV�&.%%3�&��$�+��$� �ODQHV� ����� ZDV� LQFXEDWHG� ZLWK� &.,,� KRORHQ]\PH� LQ� WKH� SUHVHQFH� RI� >γ���3@$73� IRU� WKH� LQGLFDWHG� WLPH�� 7KH

UDGLRODEHOHG� SURWHLQV�ZHUH� VHSDUDWHG� RQ� D� ���� �Z�Y�� 6'6�SRO\DFU\ODPLGH� JHO�� VWDLQHG�ZLWK�&RRPDVVLH�%OXH� �$��� DQG� DXWRUDGLRJUDSKHG

�%���7KH�SRVLWLRQV�RI� WKH�&.,,�VXEXQLWV�DQG�+LV�WDJJHG�&.%%3��DUH� LQGLFDWHG�RQ� WKH� OHIW�

Fig. 6. Effect of stable expression of Myc-His-CKBBP1WT or Myc-His-CKBBP1C80A/H82A in HeLa cells on cell proliferation and cell
cycle. (A) HeLa cells (5× 103) were seeded in six-well dishes with duplicate wells for each cell line. Every 48 h, the cells were
trypsinized and counted in triplicate using a hemocytometer. The error bars represent the standard deviation at each time point. (B)
HeLa cells (2× 105) were seeded in 100-mm dishes. Thirty-six hours later, the cells were collected, fixed in 65% ethanol, stained with
propidium iodide, and analyzed by FACS. The percentage of cells that were present in each phase of the cell cycle is indicated.
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GHPRQVWUDWHG�WKDW�WKH�&.,,β�VXEXQLW�FDQ�UHJXODWH�WKH�VXEVWUDWH
VSHFLILFLW\� RI� &.,,� �/LQ� HW� DO��� ������ -DNREL� DQG� 7UDXJK�

�������LW�LV�OLNHO\�WKDW�WKH�REVHUYHG�&.%%3��SKRVSKRU\ODWLRQ

LV�PHGLDWHG�WKURXJK�LWV�VWDEOH�ELQGLQJ�WR�&.,,β�

Stable expression of Ring-H2 finger-disrupted CKBBP1
reduces cell growth Growth curves were performed on the
stably transfected HeLa cell lines. Compared with the vector
transfected control, the stable expression of Myc-His-
CKBBP1WT did not change cell proliferation. However, the
stable expression of Myc-His-CKBBP1C80A/H82A induced an
apparent decrease in cell proliferation over the time course
(Fig. 6A). A FACS analysis was employed to examine
whether the stable expression of Myc-His-CKBBP1C80A/H82A

interferes with cell cycle progression. As shown in Figure 6B,
the increased expression of Myc-His-CKBBP1WT caused no
detectable change in the cell cycle profile. However, the
accumulation of the G1/G0 peak was observed with the stable
expression of Myc-His-CKBBP1C80A/H82A. These results
indicate that the Ring-H2 finger motif of CKBBP1 plays an
important role in the G1/S phase transition of the cell cycle in
HeLa cells.
6HYHUDO� ELRORJLFDO� IXQFWLRQV� RI� &.%%3�� KDYH� EHHQ

VXJJHVWHG�� &.%%3�� LV� WKRXJKW� WR� EH� LQYROYHG� LQ� WKH

SURWHFWLRQ�RI�FHOOV�IURP�DSRSWRVLV�WKDW�LV�LQGXFHG�E\�WKH�UHGR[

UHDJHQW��'XDQ�HW�DO����������LQ�SURWHLQ�XELTXLWLQDWLRQ��2KWD�HW

DO��� ������ DQG� LQ� FHOO� JURZWK� SURPRWLRQ� �6ZDURRS� HW� DO��

������� $OWKRXJK� VHYHUDO� 5LQJ� ILQJHU� SURWHLQV� IXQFWLRQ� DV

WUDQVFULSWLRQDO� UHJXODWRUV�� &.%%3�� KDV� QHLWKHU� WKH

WUDQVFULSWLRQDO� DFWLYDWLRQ� QRU� WUDQVFULSWLRQDO� UHSUHVVLRQ

DFWLYLW\� �6ZDURRS� HW� DO��� ������� 2Q� WKH� RWKHU� KDQG�� &.,,

SDUWLFLSDWHV� LQ�ERWK� WKH�*��6�DQG�*��0�SKDVH� WUDQVLWLRQV�RI

WKH� FHOO� F\FOH� �+DQQD� HW� DO��� ������� ,Q� WKLV� UHSRUW�� ZH

GHPRQVWUDWHG� WKDW� WKH� 5LQJ�+�� ILQJHU�PRWLI� RI� &.%%3�� LV

UHTXLUHG� IRU� WKH� &.,,β�ELQGLQJ�� HIILFLHQW� &.,,�PHGLDWHG

SKRVSKRU\ODWLRQ��DQG�FHOO�SUROLIHUDWLRQ��%DVHG�RQ�RXU�FXUUHQW

REVHUYDWLRQ�� ZH� VXJJHVW� WKDW� &.,,� LV� LQYROYHG� LQ� FHOO� F\FOH

SURJUHVVLRQ��DW� OHDVW� LQ�SDUW�� WKURXJK� WKH� LQWHUDFWLRQ�ZLWK� WKH

&.%%3�� DQG�RU� &.%%3�� SKRVSKRU\ODWLRQ�� 6WXGLHV� WR� WHVW

ZKHWKHU� WKH� &.,,�PHGLDWHG� SKRVSKRU\ODWLRQ� RI� &.%%3�

DIIHFWV� FHOO� F\FOH� SURJUHVVLRQ� DUH� LQ� SURJUHVV�� 7KH� SUHVHQW

VWXG\�ZLOO�KHOS�LQ�WKH�HOXFLGDWLRQ�RI�WKH�SUHFLVH�UROH�RI�&.,,

DQG�&.%%3��LQ�WKH�UHJXODWLRQ�RI�FHOO�SUROLIHUDWLRQ�
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