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Expression and Localization of Epitope-Tagged Protein
Kinase CK2
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Abstract Protein kinase CK2, formerly known as casein kinase 11, is a ubiquitous protein serine/threonine kinase.
The enzyme exists in tetrameric complexes composed of two catalytic (CK2« and/or CK2a") subunits and two subunits
(CK2B) that appear to have a role in modulating the activity of the catalytic subunits. With the exception of their
unrelated carboxy-terminal domains, the two isozymic forms of mammalian CK2 display extensive sequence identity.
Furthermore, CK2a and CK2a' exhibit remarkable conservation between species, suggesting that they may have unique
functions. In the present study, the cDNAs encoding CK2« and CK2a'" were modified by addition of the hemagglutinin
tag of the influenza virus at the amino terminus of the respective proteins. The epitope-tagged proteins were transfected
into Cos-7 cells and the localization of the expressed proteins determined by indirect immunofluorescence using
monoclonal antibodies specific for the epitope tag. The use of transfection favors the formation of homotetrameric
complexes (i.e., aB,, a%B,) instead of heterotetrameric complexes (i.e., aa'B,) that are present in many cells.
Epitope-tagged CK2a and CK2«' displayed kinase activity and the ability to form complexes with CK23. The results of
these studies also indicate definitively that CK2a and CK2«’ are both localized predominantly within the nucleus.
Mutation of conserved lysine residues within the ATP binding domains of CK2a and CK2a' resulted in loss of kinase
activity. However, examination of these mutants indicates that kinase activity is not essential for formation of complexes
between subunits of CK2 and is not required for nuclear localization of CK2. J. Cell. Biochem. 64: 525-537.
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Protein kinase CK2 (CK2) is a highly con-
served protein kinase that is ubiquitously ex-
pressed in eukaryotic cells. Genetic experi-
ments in Saccharomyces cerevisiae [Chen-Wu
etal., 1988; Padmanabhaetal., 1990], in Schizo-
saccharomyces pombe [Shell and Nurse, 1994;
Roussou and Draetta, 1994], and in Dictyos-
telium discoideum [Kikkawa et al., 1992] indi-
cate that the enzyme is essential for viability.
There are a number of studies suggesting that
the activity of CK2 is highly elevated in rapidly
proliferating cells and in a variety of tumor and
leukemia cells [reviewed by Allende and Al-
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lende, 1995; Issinger, 1993]. Furthermore, the
recent report of Seldin and Leder [1995] sug-
gests that the dysregulated expression of CK2
can contribute to lymphocyte transformation in
transgenic mice. Collectively, these results im-
plicate CK2 as an important component of cellu-
lar signalling pathways that control cell prolif-
eration.

From most sources, CK2 is a tetrameric en-
zyme composed of two o (and/or a') subunits
and two B subunits [reviewed by Pinna, 1990;
Litchfield and Luscher, 1993]. The «a subunits
contain all of the conserved motifs for members
of the protein kinase family [Hanks and Quinn,
1991] and exhibit catalytic activity [Hu and
Rubin, 1990; Lin et al., 1991; Bodenbach et al.,
1994]. The B subunits do not exhibit catalytic
activity but are necessary for formation of te-
trameric CK2 complexes [Gietz et al., 1995] and
appear to modulate the catalytic activity of the
o subunits [Filhol et al., 1991; Heller-Harrision
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and Czech, 1991; Boldyreff et al., 1993]. In a
number of organisms, including mammals and
birds, a second isozymic form of the CK2 cata-
lytic subunit (designated «’) has been identified
[Litchfield et al., 1990; Lozeman et al., 1990;
Maridor et al., 1991]. Overall, CK2a and CK2a'
exhibit extensive sequence identity. Within their
first 330 amino acids which contain all of the
motifs required for catalytic activity, the two
isozymes exhibit approximately 90% amino acid
identity. By comparison, the carboxy-terminal
domains of CK2a (approximately 60 amino ac-
ids) and CK2a' (approximately 20 amino acids)
are completely unrelated. Importantly, the
unique aspects of CK2a and CK2a' are highly
conserved between chickens and humans; CK2a
and CK2a' exhibit 98% and 97% identity, respec-
tively. Studies from different laboratories have
recently demonstrated that CK2 exists in homo-
tetrameric complexes (i.e., ayBs, abB,) and in
heterotetrameric complexes (aa’B,) [Gietz et
al., 1995; Chester et al., 1995].

Relatively little is known regarding the indi-
vidual functions or characteristics of CK2a and
CK2a'. An initial indication of potential func-
tional differences between CK2a and CK2a'
came from the studies of Yu et al. [1991], who
demonstrated a dramatic difference in the local-
ization of the two isoforms. In interphase cells,
these authors concluded that CK2a was pre-
dominantly cytoplasmic and CK2a' primarily
nuclear. These observations suggested that the
unique carboxy-terminal domains of CK2a or
CK2a' have signals that specify subcellular
localization. By comparison, less obvious differ-
ences were observed by Krek et al. [1992], who
concluded that CK2 is predominantly nuclear.
Since the composition of tetrameric complexes
was not defined in the latter studies, it is not
clear if the similar distribution of CK2a and
CK2a' resulted because the two isozymes were
found predominantly within the same tet-
rameric complexes (i.e., aa’B,). In this regard,
we and others have previously noted that CK2a'
is much less prominent than CK2« in a number
of model systems [Litchfield et al., 1991, 1992;
Krek etal., 1992; Luscher and Litchfield, 1994],
suggesting that where CK2a' is less abundant
than CK2«a, CK2a' exists predominantly in tet-
rameric complexes that also contain CK2a.

We undertook the present studies to resolve
the disrepancies arising from the two previous
studies. Furthermore, based on the observa-
tions of Yu et al. [1991], we were interested in
defining sequences within CK2a and CK2a'

that define whether these proteins are localized
within the cytoplasm or the nucleus. As an
initial step towards achieving these objectives,
we examined the subcellular localization of epi-
tope-tagged CK2a or CK2a' using monoclonal
antibodies directed against the epitope to de-
tect the expressed proteins. We observed that
expressed CK2a and CK2a' are both localized
primarily to the nucleus. Furthermore, based
on our observations, we conclude that the car-
boxy-terminal domains of CK2a and CK2a' do
not influence the cytoplasmic vs. nuclear local-
ization of the proteins. We also demonstrate
that kinase activity is not essential for the
formation of multisubunit CK2 complexes and
is not required for nuclear localization of CK2.

MATERIALS AND METHODS
Materials

Fluorescein isothiocyanate (FITC)—conju-
gated goat antimouse antibody and tetrameth-
ylrhodamine B isothiocyanate (TRITC)—conju-
gated goat antirabbit were purchased from
Sigma (St. Louis, MO). Horse radish peroxi-
dase—conjugated goat antimouse antibody and
horse radish peroxidase—conjugated goat anti-
rabbit antibody were purchased from BioRad
(Mississauga, Ontario, Canada). Oligonucleo-
tides were obtained from Dalton Chemical
(Toronto, Ontario, Canada) or from Gibco BRL
(Burlington, Ontario, Canada). Synthetic pep-
tides were synthesized on an Applied Biosys-
tems (Foster City, CA) model 431A peptide syn-
thesizer as previously described [Bosc et al.,
1995]. Nitrocellulose and polyvinylidene difluo-
ride (PVDF) membrane were purchased from
BioRad. Molecular weight markers were Rain-
bow™ colored protein molecular weight mark-
ers from Amersham (Arlington Heights, IL).
SV40-transformed African green monkey kid-
ney cells (Cos-7) were obtained from the Ameri-
can Type Culture Collection (Rockville, MD)
and were cultured in «-modified Eagle’s me-
dium supplemented with 10% fetal bovine se-
rum at 37°C in the presence of 5% CO,.

Plasmid Constructs

Manipulation of the DNA was according to
Sambrook et al. [1989]. The human « and o’
sequences of protein kinase CK2 (hT4.1 and
hT9.1, respectively, in Lozeman et al. [1990]
were modified by ligation of the coding se-
quence for a triplet of the influenza hemaggluta-
nin (HA) epitope (YPYDVPDY [Tyers et al.,
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1992]) to the 5’ end of the protein coding region
of the respective protein kinase CK2 subunits
(Fig. 1). In each case, the polymerase chain
reaction (PCR), as described by Innis et al.
[1990], was used to create a Not I site in frame
with the codons of the HA epitope sequence and
with the respective CK2 coding sequences.
These primers also deleted the first methionine
of the respective CK2 subunits. The primers for
CK2a were ATAAGAATGCGGCCGCTCGG-
GACCCGTGCCA (sense) and ATCATAATTGT-
CATGTCCATGGAA (antisense) and for CK2a'
were ATAAGAATGCGGCCGCCCCGGCCCG-
GCCGCG (sense) and CAGGATCTGGTAGAGT-
TGC (antisense). The sequences generated by
PCR extended from the mutated 5’ end of the
respective subunit to nucleotide 878 (o) and
nucleotide 558 («'). Amplified fragments were
digested with Not I and Nco I (for &) or with Not
I and Ppum | (for «’) and subcloned into the Not
I/Nco I and Not I/Ppum | sites in the hT4.1 and
hT9.1 plasmids. All amplified sequences were
verified by DNA sequencing according to the
method of Sanger et al. [1977]. Simultaneously,
the HA epitope sequence was modified and sub-
cloned into the TAR Cloning vector, pPCR™II
from Invitrogen (La Jolla, CA). The HA se-
guence (GGCCGCATCTTTTACCCATACGAT-
GTTCCTGACTATGCGGGCTATCCCTAT-
GACGTCCCGGACTATGCAGGATCCTATCC-
ATATGACGTTCCAGATTACGCTGCTAGT-
GCGGCCGC) [Tyers et al., 1992; Egan et al.,
1993] was a gift from Dr. Sean Egan (Hospital
for Sick Children, Toronto, Canada). To intro-
duce a start codon and a Hind 11l site at the
5’ end of the tag, we amplified this sequence
using the following primers;: CCCAAGCTTC-
CACCATGGGCCGCATCTTTTACCCA (sense
primer) and ATAGTTTAGCGGCCGCACTGAG-
CAGC (antisense primer). After subcloning into
the TA vector, the amplified sequences were
verified by DNA sequencing. The HA contain-
ing TA vector was digested with Not I/Apa I,
and the Not I/Apa | fragment of each of the
respective CK2 subunits was subcloned into
the TA vector. The HA-tagged CK2a or CK2a'
cDNAs, designated HA-a or HA-a', respec-
tively, were subsequently subcloned into the
Hind 111 site of pRc/CMV (Invitrogen). HA-a/o'
(N-terminal domain of o with the C-terminal
domain of «") and HA-a'/ac (N-terminal domain
of o’ with the C-terminal domain of «) were
generated by swapping the carboxy-terminal
domains of the respective proteins. Bsu 36 1
sites at nucleotide 1041 of hT 4.1 and at nucleo-

tide 1,058 of hT 9.1 were used to effect this
swap. A myc-epitope tag (MASMEQKLISEED-
LNN [Evan et al., 1985]) was ligated to the 5’
end of the coding region of CK2p in the pKS 11+
vector (a gift from Dr. Stephane Richard, Wash-
ington University, St. Louis, MO). The full cod-
ing region of myc- was obtained by Not 1/Apa
1 digest and was subcloned into the respective
sites of pRc/CMV.

Kinase-inactive mutants of HA-a (HA-ak.d.)
and HA-a'(HA-a'k.d.) were created by mutat-
ing the codon for lysine to methionine at amino
acid positions 68 and 69, respectively [Lozeman
et al., 1990; Birnbaum and Glover, 1991]. The
primers used were TGGCTTGAGAATCATAA-
CAACAACTTTTT and CTGGCTTCAGGAT-
CATTACAACCACTCT for a and o', respec-
tively. Mutations were generated using the
Muta-Gene® M13 In Vitro Mutagenesis Kit,
Version 2 (BioRad) and were confirmed by DNA
sequencing.

Antibodies

Polyclonal anti-CK2a antiserum was pre-
pared as described in Litchfield et al. [1991]
and was directed against the synthetic peptide
a’76-391 " Polyclonal anti-CK2a' antibody di-
rected against the synthetic peptide «’333-3%
was described previously [Litchfield et al., 1992].
Importantly, these antibodies are directed
against peptides within the unique carboxy-
terminal domains of the two proteins. The
anti-a’ antibody was affinity-purified according
to Harlow and Lane [1988] using «'333-350 pep-
tide attached to cyanogen bromide—activated
Sepharose 4B. The monoclonal antibody 12CA5
which reacts against the HA epitope [Wilson et
al., 1984; Field et al., 1988] was purchased from
BADbCO (Berkeley, CA). The hybridoma produc-
ing the 9E10 monoclonal antibodies directed
against the myc epitope [Evan et al., 1985] was
injected into mice and ascites fluid was col-
lected and purified by ammonium sulphate pre-
cipitation.

Methods

Transfection of cells. Calcium phosphate
coprecipitation of DNA was used for transfec-
tion of cells [Ausubel et al., 1990]. Cos-7 cells
were plated at 5 X 10° cells per 10 cm dish. For
smaller plates, all reactions were scaled back to
reflect the surface area of the plate. After 24 h,
the cells were refed with fresh media. Two to
four hours later the cells were transfected with
plasmid DNA that had been purified by double
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Fig. 1. Epitope-tagged CK2 constructs. Constructs, designated
HA-a and HA-o', encoding CK2a and CK2a' with the HA
epitope at the N-terminus of each of the proteins were prepared
as described in Materials and Methods. As described in the text,
a Not | site facilitated ligation of the HA-epitope sequence to the
cDNAs encoding CK2a and CK2a'. Chimeric proteins, desig-
nated HA-a/a’ (N-terminal domain of a with the C-terminal
domain of a’) and HA-a'/a (N-terminal domain of o’ with the
C-terminal domain of «) were generated by swapping the
carboxy-terminal domains of the respective proteins. Kinase-
inactive variants of the two proteins, designated HA-ak.d. and
HA-a'k.d., were generated by mutation of an essential lysine
residue (K68 in CK2a, K69 in CK2a') within the ATP-binding

CsCl, gradient centrifugation. The DNA trans-
fection mix was prepared with 50 ug DNAiIn 0.5
ml 0.25 M CaCl, which was added with mixing
to 0.5 ml of 2X HBS (0.28 M NaCl, 50 mM
HEPES, pH 7.05-7.12, 1.5 mM Na,HPO,). The
mixture was allowed to stand for 20 min prior
to transfecting the Cos-7 cells. Transfection was
allowed to proceed for 12—-14 h, after which the
media was removed and the cells washed once
with PBS and refed for 36 h and then used for
experiments.

Immunofluorescence. Cos-7 cells were
plated onto alcohol-sterilized coverslips and
transfected as described above. After 36 h, the
cells were washed with phosphate buffered sa-
line (PBS), fixed with 2% formaldehyde in PBS
for 20 min, extracted with methanol for 20 min,
and then washed three times with PBS at 5 min
per wash [Chadee et al., 1995]. The fixed cells

domain of the respective proteins to methionine. The myc-8
construct encodes the myc epitope at the amino terminus of
CK2B. Protein coding sequences derived from CK2a are marked
by the open boxes, those derived from CK2a" are marked by the
shaded boxes, and those derived from CK2@ are marked by the
hatched box. The CK2a and CK2a' constructs were subcloned
into the Hind Il site of pRc/CMV. Myc-B was subcloned into
pRc/CMV using the Not | and Apa | sites. The HA epitope is
recognized by 12CA5 monoclonal antibodies and the myc
epitope by 9E10 monoclonal antibodies. Polyclonal anti-CK2a
antibodies and polyclonal anti-CK2a' antibodies recognize the
carboxy-terminal domains of the respective proteins.

were reacted with primary antibody in PBS
containing 10% fetal calf serum for 1 h at 37°C
and were then washed three times with PBS.
Anti-CK2a antisera was used at a dilution of
1/400, affinity-purified anti-CK2a' antibodies
at a 1/10 dilution, and 12CA5 antibodies at a
1/200 dilution. Secondary antibodies, either
FITC-conjugated goat antimouse antibody or
TRITC-conjugated goat antirabbit antibody,
were diluted 1/1,000 in PBS containing 10%
fetal calf serum. Reaction with secondary anti-
body was allowed to continue for 2 h at room
temperature in the dark, and coverslips were
then washed five times with PBS prior to mount-
ing with 20 ul of mounting reagent (50 mg
p-phenylenediamine, 5 ml 1 M Tris, pH 7.4,
37.5 ml glycerol). Visualization was with an
inverted fluorescent microscope (model Zeiss
Axiovert 35 M, Germany). Control experiments
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were performed using peptide competition with
each of the antigenic peptides (20 pg peptide/pl
antibody). Immunofluorescent experiments in
which only secondary antibody, rabbit IgG, or
preimmune antialpha rabbit sera were also per-
formed. In the latter instances, significant im-
munofluorescent signals were not detected.

Immunoprecipitation. For immunopre-
cipitations, each plate of Cos-7 cells was lysed
in 1 ml lysis buffer (50 mM Tris.Cl, pH 7.5, 150
mM NacCl, 1% NP-40, 1% aprotinin, 0.1 mM
PMSF) for 30 min on ice, and the cells were
scraped off the plates and into microfuge tubes.
The samples were centrifuged for 10 min, and
the cleared lysates were subjected to immuno-
precipitation. Antibody used for immunoprecipi-
tation was 20 pl anti-CK2a or anti-CK2a' and
30 pl of a 50% slurry of protein A Sepharose
(Pharmacia) or 12CA5 monoclonal antibody co-
valently linked to protein A sepharose using
rabbit antimouse antibody as a cross-linker as
described in Harlow and Lane [1988]. After
incubation for 1 h at 4°C, the protein A Sepha-
rose was isolated by centrifugation and washed
three times with lysis buffer. If used for electro-
phoresis, the samples were ready at this stage.
For the kinase assay, the protein A Sepharose
was washed three times with kinase buffer (50
mM Tris.Cl, pH 7.4, 10 mM MgCl,, 1 mM dithio-
threitol).

Kinase assay. Immunocomplexes were pre-
pared as described in the preceding section.
Kinase reactions were performed in 50 mM
Tris.Cl, pH 7.5, 250 mM NacCl, 10 mM MgCl,,
and 100 uM ATP containing 0.7 uCi y-32P ATP
with and without the addition of 1.5 mM DSD
peptide (RRRDDDSDDD [Litchfield et al.,
1990]) in a total volume of 35 pl. The reaction
was initiated by the addition of enzyme to pre-
warmed buffer, substrate, and ATP. The reac-
tion was allowed to proceed for 5 min at 30°C,
and the reaction was stopped by spotting sample
on Whatman P81 paper and washed as de-
scribed in Litchfield et al. [1990]. Counts were
determined by scintillation counting. The val-
ues for the reactions lacking peptide were sub-
tracted from the values for the reactions con-
taining peptide.

Immunoblotting. Samples were separated
by 12% sodium dodecyl sulfate polyacrylamide
gel electrophoresis using the buffer system of
Laemmli [1970]. The protein was transferred to
nitrocellulose or PYDF membrane for 1.5 h at
110 volts in blotting buffer (25 mM Tris, 190

mM glycine, 20% methanol) as described in
Towbin et al. [1979]. Blocking was with 3%
gelatin in TBS (20 mM Tris, pH 7.5, 500 mM
sodium chloride) at room temperature for 1 h.
The membrane was washed twice in TBST
(0.05% Tween-20 in TBS) and reacted with ei-
ther anti-CK2a (1/1,000), affinity-purified anti-
CK2a' (1/100), 12CA5 monoclonal antibody (1/
500), or 9E10 monoclonal antibody (1/500) in
1% gelatin in TBST for 1 h at room tempera-
ture. Peptide competitions were performed us-
ing 20 ug peptide/ul of antibody. The membrane
was washed three times with TBST. Secondary
antibody was goat antirabbit or goat antimouse
antibody conjugated with horse radish peroxi-
dase diluted 1/25,000 with 1% gelatin in TBST.
After reaction for 1 h at room temperature, the
membrane was washed five times with TBST.
Visualization was with the enhanced chemilu-
minescence kit (Amersham) according to the
manufacturer’s recommendations.

RESULTS
Characterization of Anti-CK2a and Anti-CK2a'

Immunoblot analysis was utilized to assess
the specificity of the anti-CK2a and anti-CK2a'
antisera (Fig. 2A). With extracts of Cos-7 cells,
anti-CK2a antibody (Fig. 2A) recognizes a single
protein of approximately 45 kDa that is com-
peted using the peptide «®7%-391 indicating that
the antibody is specific for CK2a. Similarly,
affinity-purified anti-CK2a' exhibits specificity
for CK2a' (Fig. 2B). This antibody recognizes a
single protein of approximately 40 kDa that is
competed using «333-3%0 peptide, consistent with
recognition of CK2a'. Importantly, no cross-
reactivity between CK2a and CK2a' is ob-
served with these reagents.

Expression of HA-a and HA-a'

Cos-7 cells were transfected with pRc/CMV
encoding HA-a or HA-a' in the presence of
myc-B. Immunoprecipitates using anti-a or
anti-a’ antibodies were prepared from lysates
of these cells and analyzed on immunoblots
using 12CA5 monoclonal antibodies to detect
HA-tagged proteins (Fig. 3). It is apparent that
HA-a was expressed at much lower levels than
HA-o' (Fig. 3, lanes 1 and 2, respectively). The
different levels of expression do not result from
differences in immunoprecipitation efficiency,
since total lysates of transfected Cos-7 cells also
showed a similar lower expression of HA-a than
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Fig. 2. Specificity of anti-CK2a and anti-CK2a' antibodies.
Total cellular extracts of Cos-7 cells were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis and trans-
ferred to PVDF membrane. A: The membranes were probed
with anti-CK2a antiserum in the presence (lane 1) or absence
(lane 2) of antigenic «376-391 peptide. B: The membranes were
probed with affinity-purified anti-CK2«" antibodies in the pres-
ence (lane 1) or absence (lane 2) of antigenic «’333-3%0 peptide.

HA-o' (data not shown). In order to determine
whether the different expression levels of the
two proteins resulted from their divergent C-
termini, the C-terminal domains of the two
proteins were swapped, generating two chime-
ras, HA-a/a’ and HA-o'/a. Since anti-CK2a and
anti-CK2a' recognize the unique C-terminal
domain of the respective proteins, anti-CK2a'
was used to detect HA-o/a" and anti-CK2a was
used to detect HA-o'/a. Protein levels of HA-
al/a’ remained low relative to HA-o'/a (Fig. 3,
lanes 3, 4), suggesting that the C-terminal do-
mains of the two proteins are not directly re-
sponsible for the observed differences in levels
of expression. Furthermore, the level of expres-
sion of HA-a/a' was similar to that of HA-a,
while the expression of HA-o'/a was similar to
that of HA-o'. These results were not due to a
random mutation of the parent pRc/CMV plas-
mid, since replacement of the o’ sequence with
the a sequence in HA-a did not result in de-
creased expression of HA-a' protein (data not
shown). At present, we do not know why HA-a
and HA-a' are expressed to different levels in
Cos-7 cells. We also examined the expression of

HA-ak.d. and HA-a'k.d. As with other con-
structs, the level of expression of kinase-inac-
tive HA-a was lower than that of the kinase-
inactive HA-a'. The expression level of each of
the kinase-inactive variants was similar to that
of the respective parent protein.

To further analyze the expressed proteins, we
measured kinase activity in 12CA5 immunopre-
cipitates (Fig. 4). Cos-7 cells were transfected
with the plasmids encoding HA-«, HA-a', or
their derivatives with or without the plasmid
encoding myc-B. Immunoprecipitates using
12CA5 antibody were prepared and used in
kinase assays. Figure 4A shows the results for
HA-o' and its derivatives, and Figure 4B shows
the results for HA-a and its derivatives. A low
level of 32P-phosphate incorporation was ob-
served in immunoprecipitates prepared from
cells that had been transfected with pRc/CMV
and myc-B only (Fig. 4A,B). Kinase activity in
12CA5 immunoprecipitates from cells trans-
fected with HA-a' in the absence of myc- was
approximately thirtyfold above background (Fig.
4A). Coexpression of myc-g with HA-a' resulted
in a further increase in measured kinase activ-
ity, consistent with the previous findings of
Heller-Harrison and Czech [1991], who exam-
ined the expression of CK2a and CK2p in Cos-1
cells. In the presence of myc-B, the chimeric
HA-a'/la exhibited similar activity to that of
HA-o'. Compared to the other HA-a' con-
structs, HA-a'k.d. displayed much less kinase
activity, a result consistent with the loss of
activity with the K68M mutation [Birnbaum
and Glover, 1991]. Since the holoenzyme pro-
tein kinase CK2 is a tetramer containing two
catalytic subunits, the existence of low levels of
kinase activity in the latter anti-HA immuno-
precipitates may result from complexes that
contain one HA-a'k.d. and one endogenous
CK2a or CK2a'.

Analysis of each of the HA-« constructs yields
similar observations to those noted with each of
the HA-a' constructs. Kinase activity is dis-
played by HA-a (Fig. 4B). Furthermore, as is
the case with HA-a', enhanced kinase activity
is observed when HA-a is expressed together
with myc-B. Kinase activity exhibited by the
chimeric construct HA-a/a' is similar to that of
HA-a, while no activity above background is
observed with HA-ak.d. Overall, it is apparent
that the levels of 12CA5 precipitable kinase
activity present in cells transfected with HA-o'
and its derivatives are significantly higher than
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Fig. 3. Expression of HA-a and HA-a’ and derivatives in Cos-7
cells. Cos-7 cells were transfected with pRc/CMV plasmids
encoding HA-a (lane 1), HA-a' (lane 2), HA-a/a' (lane 3),
HA-a'/a (lane 4), HA-ak.d. (lane 5), and HA-a'k.d. (lane 6) in
the presence of pRc/CMV encoding myc-B. Lysates of the cells
were immunoprecipitated with anti-CK2a (lanes 1, 4, 5) or

those observed with HA-a and its derivatives
(compare Fig. 4A with Fig. 4B). These results
are consistent with the dramatically lower lev-
els of HA-a and its derivatives observed on
immunoblots (Fig. 3). Importantly, these re-
sults demonstrate that HA-a and HA-a’ exhibit
kinase activity.

Coexpression of myc-g with HA-a or HA-o’
results in activity that is increased over that
observed in the absence of myc-B, suggesting
that complexes between HA-a (or HA-o') and
myc-B had formed. To examine this possibility,
we analyzed immunoprecipitates prepared with
12CAb5 (anti-HA) monoclonal antibodies on im-
munoblots for the presence of myc-g (Fig. 5).
Since myc-B does not react with 12CA5 antibod-
ies, the presence of myc-g in these immunopre-
cipitates results from its association with the
various forms of HA-a'. Coexpression of HA-«'
with myc-B alone results in higher expression
of HA-o' than expression of HA-a' alone (Fig. 5,
lanes 1, 2). Also, myc-p coprecipitates with the
HA-a' in 12CA5 immunoprecipitates, indicat-
ing that HA-a' is able to associate with myc-p.
Two distinct bands were detected with 9E10
(anti-myc) antibodies, the upper one represent-
ing the autophosphorylated protein and the
lower one representing a nonphosphorylated
form [Litchfield et al., 1990, 1991; Luscher and
Litchfield, 1994]. Both HA-a'/a and HA-a'k.d.
(Fig. 5, lanes 3 and 4, respectively) also show
association with myc-B. In the presence of HA-o’
or HA-a'/a, most of the myc- exhibits reduced
mobility characteristic of the autophosphory-
lated protein. By comparison, in the presence of
the kinase-inactive variant of o' (HA-a'k.d.)

anti-CK2a' (lanes 2, 3, 6). The immunoprecipitates were sepa-
rated by sodium dodecyl sulfate gel electrophoresis, transferred
to a nitrocellulose membrane, and then probed with 12CA5
monoclonal antibody to detect the HA-tagged proteins. Im-
mune complexes were visualized using enhanced chemilumi-
nescence.

myc-B displays the characteristics of the non-
phosphorylated protein. Immunoprecipitations
are not performed under conditions that would
permit phosphorylation so the phosphorylation
state would be the result of intracellular events.
One explanation for these results is that the
autophosphorylation of CK2B in cells occurs
through an intramolecular process. On longer
exposures, a small amount of autophosphory-
lated myc-B was observed in immunoprecipi-
tates of HA-a'k.d. (data not shown). This low
level of autophosphorylation could result from
complexes of HA-a'k.d. that contain endog-
enous CK2a or CK2a'. These results are consis-
tent with the low levels of kinase observed in
12CA5 immunoprecipitates prepared from cells
transfected with HA-a'k.d. Myc-B is not ob-
served when cells are transfected only with
HA-o' (Fig. 5, lane 1) or with myc-B in the
presence of an empty vector (pRc/CMV lacking
insert, Fig. 5, lane 5). Immunoprecipitations
from cells transfected with HA-a« and myc-p
also suggest that HA-a is capable of forming
complexes with CK2pB (data not shown). Impor-
tantly, these results demonstrate that the HA
epitope on CK2a or CK2a' and the myc epitope
on CK2B do not obviously influence interac-
tions between the CK2 subunits.

Subcellular Localization of HA-« and HA-o’

To examine the subcellular distribution of
the two isozymic forms of CK2 in transiently
transfected Cos-7 cells, HA-a or HA-o' was
visualized by indirect immunofluorescence us-
ing 12CA5 antibodies as the primary antibody
and FITC-conjugated antimouse antibodies as
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Fig. 4. Kinase activity of HA-o and HA-a" and derivatives. Cell
lysates were prepared from cells that had been transfected with
the indicated constructs. Immunoprecipitates were performed
using 12CA5 antibodies and immune-complex kinase assays
performed as described in Materials and Methods. Kinase activi-
ties are expressed in picomoles/minute. The results shown are
from two independent experiments (range is indicated by error
bars). A: Cos-7 cells were transfected with HA-a’, HA-o" and
myc-B, HA-a'/ac and myc-B, HA-a'k.d. and myc-3, or pRc/CMV
and myc-B. B: Cos-7 cells were transfected with HA-a, HA-a
and myc-B, HA-a/a' and myc-B, HA-ak.d. and myc-B8, or
pRc/CMV and myc-B.

the secondary antibody (Fig. 6A,C). Endog-
enous CK2a or CK2a' were detected on the
same slide as HA-a or HA-a’ using anti-a anti-
serum or affinity-purified anti-o’ antibodies as
primary antibodies and TRITC-conjugated goat
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Fig. 5. Formation of complexes between HA-a' and myc-(.
Cos-7 cells were transfected with HA-a’ (lane 1), HA-o' and
myc-B (lane 2), HA-a'/a and myc-B (lane 3), HA-a'k.d. and
myc-B (lane 4), or pRc/CMV (empty vector) and myc-8 (lane 5).
Cell lysates were immunoprecipitated with 12CA5 antibody as
described in Materials and Methods. Immunoprecipitates were
analyzed on immunoblots using 12CA5 and 9E10 monoclonal
antibodies to detect HA-a' or its derivatives and myc-@3, respec-
tively. Immunoreactivity was visualized by enhanced chemilu-
minescence. The three bands exhibiting apparent molecular
weights less than that of either of the myc-8 bands are immuno-
globulin bands. These bands are evident in all lanes, including
those derived from cells that were not transfected with myc-.

antirabbit antibodies as the secondary antibod-
ies (Fig. 6B,D). The same fields were photo-
graphed with either the FITC or the TRITC
fluorescence visible. Endogenous CK2a (Fig.
6B) and HA-a (Fig. 6A) are both localized pri-
marily to the nucleus. Since the cells that have
been analyzed are a population of cells that
have been transiently transfected and repre-
sent a mixture of transfected and untransfected
cells, the HA-tagged proteins are not visible in
all cells. For example, while a total of six cells is
visible when staining with anti-CK2a antise-
rum which detects endogenous and recombi-
nant protein, only two cells are visible in the
same field when staining for HA-«. Endogenous
CK2a' was also localized predominantly to the
nucleus (Fig. 6D) as was HA-a' (Fig. 6C). Most
cells transfected with HA-a' also showed much
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brighter staining with anti-CK2a' antibodies
(Fig. 6D) than did untransfected cells, presum-
ably because the overall cellular levels of CK2a'
had been dramatically increased. By compari-
son, cells that had been transfected with HA-«
did not yield such a dramatic increase in stain-
ing with anti-CK2a antisera, presumably be-
cause HA-a was expressed to lower levels than
HA-a' (Figs. 3, 4). In cells transfected with
HA-CK2a' and with longer exposures of stain-
ing for CK2a, CK2a', and HA-a, some cytoplas-
mic staining was also observed, indicating that
these proteins are not localized exclusively to
the nucleus.

For immunofluorescence experiments, a num-
ber of controls were performed. The «876-391
peptide (Fig. 2A) that was used to raise antibod-
ies against CK2a competes out the immunofluo-

FITC

Fig. 6. Indirect immunofluorescent detection of expressed
HA-a and HA-a' and endogenous CK2a and CK2a'. Cos-7 cells
were transfected with pRc/CMV encoding HA-a (A,B) or with
pRc/CMV encoding HA-a' (C,D). The cells were fixed and
stained with 12CA5 antibodies and anti-CK2a (A,B) or with
12CAS5 antibodies and anti-CK2a' (C,D) as described in Materi-

rescent signal detected using anti-CK2a anti-
bodies (data not shown). Use of the antigenic
a376-391 peptide does not affect immunofluores-
cent detection of HA-« or any of its derivatives
using 12CA5 antibodies (data not shown). In a
similar vein, incubation of anti-CK2«' antibod-
ies with antigenic «'333-35 peptide which com-
petes out the signal on immunoblots (Fig. 2B)
significantly diminished the immunofluores-
cent signal (data not shown). By comparison,
when the same population of transfected cells
was analyzed using 12CA5 antibodies to detect
the HA-tagged protein, nuclear staining was
not affected by the presence of the '333-3%0 pep-
tide. Additional controls, including the use of
normal rabbit serum or purified mouse immuno-
globulin as primary antibodies or the use of
secondary antibodies (i.e., TRITC-conjugated

TRITC

als and Methods. The 12CA5 monoclonal antibodies were
detected using FITC-conjugated goat antimouse antibodies (A,C),
while anti-CK2a (B) and anti-CK2a' (D) were detected using
TRITC-conjugated goat antirabbit antibodies. The same fields
from each transfection were photographed for FITC staining and
for TRITC staining.
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goat antirabbit antibodies or FITC-conjugated
goat antimouse antibodies) in the absence of
primary antibodies, all failed to yield a signifi-
cant immunofluorescent signal (data not
shown). Furthermore, 12CA5 antibodies failed
to produce a signal when used to analyze non-
transfected cells or cells that were transfected
with pRc/CMV as an empty vector control (data
not shown).

To determine whether kinase activity is re-
quired for the appropriate subcellular localiza-
tion of CK2a and CK2a', we performed indirect
immunfluorescence studies on cells that had
been transfected with HA-CK2ak.d. or with
HA-CK2a'k.d (Fig. 7). Examination of the im-
munofluorescent signal resulting from staining
with 12CA5 antibodies demonstrates that HA-
ak.d. is predominantly localized to the nucleus
(Fig. 7A). Staining with anti-CK2a« also reveals
predominant nuclear staining as in previous
experiments. Similar observations are obtained

FITC

by examination of cells transfected with HA-
a'k.d., revealing that this recombinant protein
is also localized primarily to the nucleus. As we
had previously observed with cells transfected
with HA-o', those cells transfected with HA-
o'k.d. stain much more brightly than nontrans-
fected cells when using anti-CK2a" antibodies.
Once again, these results suggest that the over-
all levels of CK2a' have been dramatically in-
creased in the transfected cells. Overall, the
subcellular distribution of HA-ak.d. is very simi-
lar to that of HA-«, and the subcellular distribu-
tion of HA-a’'k.d. is very similar to that of
HA-o'. These results demonstrate that cata-
lytic function is not essential for the localiza-
tion of CK2a or CK2a' to the nucleus.

DISCUSSION

In mammals and birds, two distinct isozymic
forms of the catalytic subunit of CK2, CK2«
and CK2a', have been identified [Lozeman et

TRITC

Fig. 7. Indirect immunofluorescent detection of HA-ak.d. and
HA-a'kd. Cos-7 cells were transfected with HA-ak.d. (A,B) or
HA-a’k.d. (C,D). The cells were fixed and stained with 12CA5
antibodies and either anti-CK2a (A,B) or with 12CA5 antibodies
and anti-CK2a' (C,D) as described in Materials and Methods.

The 12CA5 monoclonal antibodies were detected using FITC-
conjugated goat antimouse antibodies (A,C), while anti-CK2«
(B) and anti-CK2a' (D) were detected using TRITC-conjugated
goat antirabbit antibodies. The same fields were photographed
from each transfection for FITC staining and for TRITC staining.
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al., 1990; Maridor et al., 1991]. Between hu-
mans and chickens, each of the isozymes exhib-
its remarkable conservation, suggesting that,
since the unique features of each isozyme are
conserved, they may have unique functions. In
this regard, studies performed by Yu et al. [1991]
demonstrated dramatic differences in the sub-
cellular localization of CK2a and CK2a'. How-
ever, these conclusions were not supported by a
subsequent study by Krek et al. [1992], where
considerable overlap between the subcellular
localization of the two isozymes was observed.
Since CK2a and CK2a' share extensive se-
quence identity, many of the conclusions of Yu
et al. [1991] were based on analyses using anti-
bodies that exhibit reactivity with both iso-
zymes. In addition to concerns of antibody
cross-reactivity, CK2 is known to exist in homo-
tetrameric (ayB,, a%B,) and in heterotetrameric
(xa’'B2) complexes. Therefore, unless the compo-
sition of these complexes is known, it is not
possible to draw definitive conclusions regard-
ing the localization of CK2a or CK2a'. To cir-
cumvent these problems and to definitively re-
solve discrepancies regarding the subcellular
localization of CK2a and CK2a', we have exam-
ined the subcellular distribution of epitope-
tagged variants of the two isozymes. The HA
epitope facilitates detection of expressed pro-
teins above a background of endogenous CK2
without concerns of cross-reactivity with other
CK2 isoforms. Furthermore, since transfected
cells overexpress only one CK2 isoform which
can be specifically detected by the antiepitope
antibodies, our results are not confounded by
the existence of tetrameric complexes contain-
ing both CK2a and CK2a'. Overall, our results
support the conclusion that both CK2a and
CK2a' are predominantly localized to the
nucleus.

The observation that both isoforms of CK2
are primarily localized within the nucleus is
consistent with the involvement of CK2 in the
phosphorylation of a number of regulatory
nuclear proteins [reviewed in Issinger, 1993;
Litchfield and Luscher, 1993; Allende and Al-
lende, 1995]. Although the nuclear staining is
most prominent with both CK2a and CK2a/,
there are indications that a small proportion of
each isozyme is also cytoplasmic. The latter
observations are consistent with the role of
CK2 in the phosphorylation of cytosolic pro-
teins. Furthermore, both CK2a and CK2a'" have

been identified in platelets [Hoyt et al., 1994], a
model system that is devoid of nuclei.

It is not yet clear to what extent CK2 iso-
forms are redundant or to what extent they
exhibit specialization. We have previously dem-
onstrated that CK2a is phosphorylated in mi-
totic cells at sites within its carboxy-terminal
domain [Litchfield etal., 1992; Bosc et al., 1995].
By comparison, CK2a' has an unrelated car-
boxy-terminal domain and is not phosphory-
lated in mitotic cells. These results suggest that
certain functional properties of the two iso-
forms of CK2 are independently regulated at
different stages within the cell cycle. The fact
that all mitotic phosphorylation sites are con-
served in the deduced sequence of chicken CK2«a
is consistent with the notion that phosphoryla-
tion plays a role in regulation of CK2. The role
of phosphorylation in regulating the functions
of CK2a is currently under investigation. Differ-
ences in the levels of mMRNA or protein expres-
sion have been noted for CK2a and CK2a'
[Maridor et al., 1991; Krek et al., 1992]. How-
ever, these studies do not yield any specific
insights into possible unique functions of either
of the isoforms. In the yeast Saccharomyces
cerevisiae, there are also two distinct isozymic
forms of CK2 [Chen-Wu et al., 1988; Padma-
nabha et al., 1990]. Viability is not obviously
compromised when the gene encoding only one
of the isozymes is disrupted. However, there
are indications that loss of one isoform results
in morphological alterations, while loss of the
other isoform affects cell cycle progression
[Hannaetal., 1995]. A precise understanding of
the functions of the two isozymic forms of CK2
in mammalian cells must await isolation, or
creation, of model systems lacking either of the
isoforms.

In vitro, the B subunit of CK2 is known to
undergo autophosphorylation in an intramo-
lecular process [reviewed in Pinna, 1990]. In a
previous study, we demonstrated that the auto-
phosphorylation site is phosphorylated in cells
[Litchfield et al., 1991]. In the present study, we
now present evidence that suggests that the
autophosphorylation of CK2 also occurs through
an intramolecular process in cells. In vitro stud-
ies with mutants lacking the autophosphoryla-
tion site(s) suggest that autophosphorylation
modulates the activity of CK2 towards some
but not all substrates [Lin et al., 1994]. The
effects of such mutations on the functions of
CK2 in cells have not yet been examined. Muta-
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tions of the autophosphorylation site do not
effect the ability of CK2B to form complexes
with CK2a when recombinant subunits are re-
constituted in vitro [Meggio et al., 1993; Lin et
al., 1994]. In a similar vein, our data now sug-
gest that neither kinase activity nor autophos-
phorylation of CK2p is required to form stable
complexes between CK2p3 and the catalytic sub-
units of CK2. It is also apparent that less HA-
a'k.d. is obtained in immunoprecipitates than
HA-a' when either of these proteins is coex-
pressed with myc-B (Fig. 5). We do not know the
precise mechanism responsible for this finding.
However, it may be important to note that the
highest levels of HA-o" expression are achieved
under those circumstances where its catalytic
activity is highest (i.e., when expressed in the
presence of myc-B). Lesser levels of expression
are observed when lesser levels of catalytic
activity are present (i.e., with HA-a'k.d. or when
HA-o' is expressed in the absence of myc-B).
Therefore, these results may suggest that cata-
lytic activity plays a role in controlling the
stability or steady-state levels of CK2.

Our experiments indicate that the HA epi-
tope does not prevent the formation of com-
plexes between expressed CK2a (or CK2a') and
CK2p subunits or the expression of kinase activ-
ity. Furthermore, kinase activity is not re-
quired for the formation of complexes between
the catalytic subunits of CK2 and CK23, nor is
kinase activity necessary for localization of CK2
to the nucleus. At present the factors that con-
trol the transport of CK2 to the nucleus have
not been defined. Interestingly, Chester et al.
[1995] suggested from biosynthetic labelling
experiments that the nucleus was a major site
of assembly for CK2a, CK2«a', and CK23 com-
plexes, suggesting that the individual subunits
of CK2 enter the nucleus prior to holoenzyme
formation. Since both CK2« and CK2a' contain
sequences that conform to known nuclear local-
ization signals, the ability of both isoforms to
localize to the nucleus may reside within these
sequences. By comparison, since CK2p does not
contain an obvious nuclear localization signal,
the mechanisms by which CK2p is transported
to the nucleus remains poorly understood.

The results of the present study suggest that
the kinase-inactive mutants of CK2« and CK2a'
may behave as dominant-negative mutants.
Consequently, it will be of interest to determine
whether overexpression of kinase-inactive CK2a
or CK2a' can affect specific signalling events in
which CK2 is involved. In this way it may be

possible to define the unique functions of CK2«
and CK2a'.
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