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Protein kinase CK2: a new view of an old
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Protein kinase CK2 (formerly known as casein kinase Il) has been
viewed traditionally as a stable heterotetrameric complex, but new
analytical techniques are bringing a different picture into focus.
The transient nature of this complex has been highlighted by the
elucidation of its structure. Furthermore, analysis of the spatiotem-
poral organization of individual CK2 subunits in living cells has
shown that they are dynamic and that they integrate into different
multimolecular assemblies. These new studies give an additional
dimension to the challenge of determining the cellular regulation
of this protein kinase.
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Introduction

X-ray crystallography studies usually generate static pictures of mol-
ecular complexes. However, when combined with information from
other approaches that more effectively capture the dynamic behav-
iour of proteins in living cells, notable insights into the transient
nature of molecular complexes can be obtained. Two recent papers
on protein kinase CK2 (formerly known as casein kinase Il) show
how such insights can be gained by the comparison of structural
data (Niefind et al, 2001) with cell-culture studies, in which the
dynamics of the protein can be visualized directly using green
fluorescent protein (GFP)-tagged CK2 (Filhol et al, 2003).

The common view

CK2 is a multifunctional and almost universal protein kinase that has
crucial roles in cell differentiation, proliferation and survival (Ahmed
et al, 2002; Litchfield, 2003). Mounting evidence indicates that the
enzyme is a component of regulatory protein-kinase networks that
are involved in several aspects of transformation and cancer (Guerra
& Issinger, 1999). In addition, recent studies on the Drosophila clock
genes provide strong evidence for the involvement of CK2 in the
molecular clock machinery (Akten et al, 2003; Blau, 2003).
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Through pioneering work more than 25 years ago, Thornburg
and Lindell first described CK2 as a multisubunit protein kinase
that is generated by the association of two subunits o and o'
(38-42 kDa) with a dimer of the 27-kDa [3-subunit. These observa-
tions led the authors to propose that CK2 functions as a stable
heterotetrameric complex (Thornburg & Lindell, 1977).
Subsequently, the multimeric structure of CK2 purified from
different sources was confirmed (Dahmus & Natzle, 1977;
Hathaway & Traugh, 1978; Dahmus, 1981). The a/a’- subunits
were shown to contain the catalytic domain of the kinase,
whereas the B-subunit was identified as the regulatory component
(Cochet & Chambaz, 1983). It was later observed that, when
added together in vitro, recombinant a- and B-subunits assembled
instantaneously into a stable heterotetrameric complex with high
affinity (dissociation constant (K,) = 5.4 nM). This high-affinity
complex showed few signs of dissociation in the absence of dena-
turing agents (Pinna & Meggio, 1997; Battistutta et al, 2000;
Martel et al, 2002). Therefore, numerous complementary observa-
tions, mostly based on traditional biochemical methods, led to
the long-held tenet that CK2 is a strong obligate complex.

Challenging a fixed viewpoint

In the early 1990s, the CK2 field received a jolt when Stigare and
colleagues first reported in an epithelial Chironomus cell line that
most of the catalytic a-subunit was tightly bound to nuclear struc-
tures in the absence of its B-subunit counterpart (Stigare et al,
1993). In addition, studies showed that naturally occurring free
monomeric CK2a is relatively common in plants (Yan & Tao,
1982; Dobrowolska et al, 1992) and in Dictyostelium discoideum
(Ospina et al, 1992). This knowledge spawned several reports that
provided evidence for an unbalanced expression of CK2a and
CK2f subunits in different mammalian tissues (Guerra et al, 1999;
Stalter et al, 1994; Pinna & Meggio, 1997). Moreover, the identifi-
cation of several CK2-interacting proteins reinforced the idea that
both subunits might have biological functions other than those
attributed to the CK2 holoenzyme. For instance, the CK2[3 subunit
was characterized as a regulatory binding partner of several impor-
tant protein kinases, including A-Raf, c-Mos, p90rsk (for a review,
see Guerra & Issinger, 1999), PKCC (Bren et al, 2000) and, more
recently, the checkpoint kinase Chk1 (Guerra et al, 2003). In a two-
hybrid screen, more than 40 different proteins were shown to
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interact with CK2p (see Fly Grid at: http://biodata.mshri.on.ca/
fly_grid). In mice, as in the metazoan Caenorhabditis elegans, a
functional loss of CK2p is lethal (Fraser et al, 2000; Buchou et al,
2003). This leads to the intriguing possibility that at least some
aspects of CK2[ function are not based on its interaction with the
CK2 catalytic subunit. However, despite these observations, the
reported high-affinity interaction of the CK2 subunits has made
hugely controversial the existence of independent subpopulations
of these molecules in the cell.

To resolve this dispute, the direct visualization of CK2 subunits
and an investigation into their interaction behaviour in living cells
was required. In a recent paper, Filhol and colleagues observed the
individual CK2 subunits on a short timescale in living cells using
live-cell fluorescent imaging (Filhol et al, 2003). From this study, it is
apparent that the CK2 subunits are highly mobile proteins; more
importantly, photobleaching experiments also provided evidence of
the independent movement of CK2a and CK2f3 in cells. Overall, the
recovery kinetics showed that the majority of the two subunits are
not present in a common holoenzyme. This apparent difference in
mobility was also evident at the level of their nuclear translocation:
each CK2 subunit enters the nucleus as distinct subunits rather than
as a pre-assembled holoenzyme. Qualitative analysis of kinetic
parameters indicates that the nuclear accumulation of the two CK2
subunits might proceed in a sequential manner through different
mechanisms. Moreover, unlike CK2(3, nuclear CK2a can be exported
back to the cytosol through an exportin 1/Crm1-dependent pathway.
This observation indicates that the residence time of the catalytic
subunit in the nucleus might be shorter than that of the regulatory
subunit. The dynamic nature of CK2a in growing cells indicates that
the continuous exchange of the catalytic subunit is instrumental in
the maintenance of cell-cycle progression.

These observations also reveal that the molecular interaction
between the CK2 subunits, which was once thought to be stable,
is in fact highly dynamic. Therefore, at any one time, a- and
B-subunits are not stably and permanently associated with each
other, but are also able to interact with specific partners and to
participate in the transient formation of distinct multimolecular
complexes. The assembly process of such macromolecular com-
plexes is reminiscent of the dynamic and transient assembly of
RNA polymerase | (pol I). Combining in vivo microscopy tech-
niques with computational simulations, Misteli and colleagues
elegantly showed that the 12-15 subunits of RNA pol | only tran-
siently associate with the ribosomal promoter and that the sub-
units are recruited to the promoter independently of each other
(Dundr et al, 2002; Dundr & Misteli, 2003).

How can we reconcile this dynamic vision of CK2 with the
extremely high binding affinity of the o—f3 interaction that is
observed in vitro? A milestone in the CK2 field was the elucidation of
the crystal structure of the CK2 holoenzyme, which provided unex-
pected clues as to the molecular attachment of the CK23 dimer to
the CK2a catalytic subunits (Niefind et al, 2001). In the holo-
enzyme, two CK2a catalytic subunits that are not in contact with
each other interact with a central building block that is represented
by the CK2[3 dimer. The C-terminal domain of each of the two CK23
monomers interacts with the central B-sheet of the small lobe of
each catalytic subunit (Niefind et al, 2001; Ermakova et al, 2003).
A key observation from these X-ray crystallography studies is that the
surface contacts between the catalytic and regulatory subunits were
considerably smaller (832 A? than the surface contacts that are
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Fig 1| Intersubunit flexibility indicated by the crystal structure of the CK2
holoenzyme. The nature and the surface of the contacts between the catalytic
and regulatory subunits (832 A?) revealed by X-ray crystallography studies
indicate that the CK2 holoenzyme is a transient heterotetrameric complex that
can dissociate into a dimer of the regulatory B-subunit and two molecules of
the catalytic a-subunits (Niefind et al, 2001). The a/f3 contacts on each
subunitare coloured yellow (o) and green ([3). The interface size between the
catalytic subunits and the dimer of regulatory B-subunits is relatively small
(832 A2). The coordinates (Protein Data Bank (PDB) identification number
1JWH) from the crystal structure of the CK2 holoenzyme were used with the
Web Lab Viewer Pro to generate this figure.

usually observed in stable protein complexes (Fig 1). This possible
intersubunit flexibility led the authors to propose that the CK2
holoenzyme is a transient heterocomplex (Niefind et al, 2001),
which is consistent with the live-cell imaging data.

Relevance for CK2 regulation

The subcellular dynamics of the CK2 subunits and the transient
nature of their interaction, as revealed by imaging and X-ray crys-
tallography studies, are hallmarks of intracellular signalling mole-
cules. Most non-obligate interactions have a regulatory role,
which, in the case of CK2, is illustrated by the notable changes in
substrate specificity of its complexed and non-complexed catalytic
subunit (Martel et al, 2002; Pinna, 2002). The non-complexed
catalytic subunit is spontaneously active on several protein sub-
strates and the high-affinity binding of the CK2[3 dimer to CK2a
does not exert all-or-nothing effects on the activity of the kinase
(Meggio et al, 1992). Instead, binding of this regulatory subunit
might result in the phosphorylation of a range of substrates that
are not, or are only weakly, phosphorylated in its absence. This
means that any change in the expression of CK23 might lead to a
shift in the balance of phosphorylated CK2a- and holoenzyme-
specific substrates. As CK2 substrates localize to many different
subcellular compartments, a dynamic rather than a static interac-
tion of the CK2 subunits should increase the kinase specificity and
ensure that the relevant form of the catalytic subunit is present at
each of these locations. Curiously, it is becoming increasingly
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clear that the tight complexes between CK2 and some of its sub-
strates are often bridged by the CK2[3 dimer (Guerra & Issinger,
1999; Litchfield, 2003). This raises the possibility that CK2a could
be locally and transiently recruited into multimolecular complexes
in which the CK2[3 dimer serves as a scaffold or a docking subunit
through high-affinity interactions with substrate or non-substrate
protein partners (Pinna, 2002). According to this theory, the CK2[3
dimer represents a building block that exerts a crucial spatio-
temporal regulatory role in the assembly of these molecular
complexes. Indeed, fluorescence-correlation spectroscopy (FCS)
analysis has provided evidence for the existence of fast- and slow-
moving populations of both CK2 subunits (Filhol et al, 2003).

These considerations lead to a central question: what are the
mechanisms that control the association and dissociation of the
CK2 holoenzyme (a process that might be vital to the biological
functions of the kinase)? Obligate complexes have K, values that
are usually in the nanomolar range (Nooren & Thornton, 2003),
which is similar to the binding affinity that has been determined
for recombinant CK2 subunits (Martel et al, 2002). Intuitively, to
become non-obligate, a strong transient complex such as the
CK2 holoenzyme needs to physicochemically regulate the tran-
sient interaction of its subunits through changing their binding
affinity by orders of magnitude.

Living cells are packed with proteins and other molecules that
occupy 20-30% of the total volume; therefore, a test tube cannot
be likened to the intracellular environment (Ellis & Minton, 2003).
Accordingly, it is important to consider that each CK2 subunit
resides in a crowded environment with many potential binding
partners with different surface properties. CK2[3 in particular seems
to be multispecific, with many competing binding partners on
coinciding or overlapping interfaces (Guerra & Issinger, 1999). A
large excess of CK2p is synthesized compared with CK2a and the
non-complexed protein is rapidly degraded (Llscher & Litchfield,
1994). Structural data indicate that the C-terminal tail and the N-
terminal acidic loop of free CK2[3 are in an unfolded conformation,
which raises the possibility that the protein might adopt various
folded structures on binding to different biological partners. As a
consequence of this internal plasticity, CK2[3 could exist as several
rapidly interconverting conformers that are able to recognize
many biological targets yet still retain specificity. This gives rise to
the speculation that, at any one time in any given cell, CK2 is regu-
lated by several protein—protein interactions. If the binding of the
CK2 subunits is assumed to be essentially stochastic in nature, this
interaction might be controlled by: contact between their interact-
ing surfaces, which requires co-localization in time and space
within a compartment; the local concentration of partners or sub-
strates, which can be changed temporarily; the local physicochem-
ical environment; or post-translational modifications, such as the
dynamic phosphorylation of specific surfaces on each CK2 subunit
or of their interacting partners. Therefore, conformational changes
could shift the balance in favour of, or against, binding between
the two subunits. This hypothesis is supported by FCS analysis in
mammalian cells, which showed that a fraction of each individual
CK2 subunit is engaged in different high-molecular-weight com-
plexes (Filhol et al, 2003). These observations are consistent with
the data from a proteome-wide analysis of native protein complexes
in yeast, which showed the differential integration of the individual
CK2 subunits in many functional multiprotein complexes (Gavin
etal, 2002; Ho et al, 2002).
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Fig 2 | A schematic view of several dynamic pools of CK2 subunits. In a living
cell, high local concentrations of interacting partners, substrates or accessory
proteins that are present in specific cellular locations might stabilize weakly
associating interactions of each CK2 subunit, leading to the transient
formation of macromolecular complexes (C, and C, ). The segregation of
individual CK2 subunits might therefore contribute to signal specificity by
sequestering the CK2 subunits in different pathways. Alternatively, CK2
subunits can bind to each other with high affinity. The resulting holoenzyme
might be reversibly integrated/recruited into other complexes (C,,,). The
presence of interacting partners or substrates and dynamic post-translational
modifications, such as phosphorylation, might shift the balance between the
different forms of CK2 subunits.

There are several ways to address the biological relevance of
this dynamic behaviour of CK2. First, each subunit has many
potential phosphorylation sites; therefore, some insight could be
gained through a systematic study of the behaviour of mutant CK2
subunits under various phosphorylation conditions. Second, at
least in vitro, binding of the regulatory subunit to CK2a results in
notable changes in the substrate specificity of the kinase (Martel
et al, 2002). Therefore, studies using small interfering RNA
(siRNA) to knock down CK2[3 expression will be crucial for evalu-
ating the involvement of this subunit in the phosphorylation of
key protein substrates. This should also encourage the develop-
ment of specific peptide or non-peptide inhibitors of the interac-
tion between the CK2 subunits. Third, higher order CK2 structures
between CK2 tetramers that show differential catalytic activity
have been characterized in vitro (Glover, 1986; Valero et al,
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Fig 3 | Mathematical model of the distribution of CK2 subunits in
macromolecular complexes. We assume that CK2a subunits, as well as
associating with their high-affinity CK2[3, partner, can also bind with low
affinity to other molecular complexes. The latter reaction is restricted to a
cell subcompartment of volume V,_, whereas the former takes place
everywhere in the cell (volume V). High V /V _ favours CK2a binding to the
low-affinity target (curve A_C in blue), which predominates over the
binding to CK2, (curve A,B, in red). Conversely, if both compartments
have the same volume (low V /V, ), only CK2a,3, complexes are observed
and the ratio of A_B,/A_C (black curve) is high (see supplementary
information online for details and simulations).

1995). The reversible association of different CK2 conformers in vivo
might account for regulated changes in their activity. Clearly, this
idea would add another level of complexity in interpreting the
in vivo behaviour of CK2 (Pinna, 2002).

CK2 subunits might not act solely as a single holoenzyme
entity; they might also be organized into discrete subcomplexes,
each containing a different set of partners or substrates. The pres-
ence or absence of CK2B in CK2a-containing multimolecular
assemblies would prevent or trigger the phosphorylation of spe-
cific CK2 substrates that are present in close proximity, and
thereby contribute to a subtle but powerful combinatorial con-
trol. Additionally, specific phosphorylation events could control
the integration of the appropriate combinations of each individ-
ual CK2 subunit into these assemblies, so that they interact cor-
rectly with substrates (Fig 2). It is likely that during cell-extract
preparation, the subtle equilibrium between these transient mul-
tiprotein complexes and/or the state of phosphorylation of their
components could be notably altered by the dilution of the cellu-
lar environment. This would artificially favour the high-affinity
interaction of the CK2 subunits (Fig 3; see supplementary
information online for calculations).

In summary, the picture that emerges from the sum of these
recent structural and in vivo imaging studies is that the molecular
interaction between CK2 subunits is highly dynamic. The transient
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association of the CK2 subunits argues against a model in which the
two proteins exclusively exert their functions through the formation
of a static oligomeric structure. These new data provide further evi-
dence for the simultaneous existence of several independently regu-
lated populations of non-complexed and complexed CK2 subunits
in a living cell (Litchfield, 2003). The likelihood is that cells have
developed specific mechanisms to actively segregate the CK2 sub-
units or to trigger their interaction to create a functional holo-
enzyme. It can be predicted that such a balance is crucial in the con-
trol of the many cellular processes that are governed by this
pleiotropic kinase. How the relative abundance of these different
pools is regulated in response to the activation of specific signalling
pathways remains a challenging question.

Supplementary information is available at EMBO reports online
(http://Awww.emboreports.org).
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