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Abstract

The wealth of biochemical, molecular, genetic, genomic, and bioinformatic resources available in S. cerevisiae make it an
excellent system to explore the global role of CK2 in a model organism. Traditional biochemical and genetic studies have
revealed that CK2 is required for cell viability, cell cycle progression, cell polarity, ion homeostasis, and other functions, and
have identified a number of potential physiological substrates of the enzyme. Data mining of available bioinformatic resources
indicates that (1) there are likely to be hundreds of CK2 targets in this organism, (2) the majority of predicted CK2 substrates are
involved in various aspects of global gene expression, (3) CK2 is present in several nuclear protein complexes predicted to have
a role in chromatin structure and remodeling, transcription, or RNA metabolism, and (4) CK2 is localized predominantly in the
nucleus. These bioinformatic results suggest that the observed phenotypic consequences of CK2 depletion may lie downstream
of primary defects in chromatin organization and/or global gene expression. Further progress in defining the physiological role
of CK2 will almost certainly require a better understanding of the mechanism of regulation of the enzyme. Beginning with
the crystal structure of the human CK2 holoenzyme, we present a molecular model of filamentous CK2 that is consistent with
earlier proposals that filamentous CK2 represents an inactive form of the enzyme. The potential role of filamentous CK2 in
regulation in vivo is discussed. (Mol Cell Biochem 274: 163–170, 2005)
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Introduction

Protein kinase CK2 is traditionally described as an acidic-
directed, constitutively active Ser/Thr protein kinase of broad
substrate specificity that is ubiquitous in eukaryotic or-
ganisms (for review see [1, 2]). The enzyme is typically
composed of catalytic α and regulatory β subunits that
combine to form a native α2β2 holoenzyme. Higher-order
aggregates of the holoenzyme occur under physiological con-
ditions in vitro, but the existence and relevance of these forms
in vivo remain to be established [3, 4]. The large number of
substrates and the absence of a known mechanism of reg-
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ulation continue to be major obstacles to determining the
physiological role of this enzyme.

S. cerevisiae CK2 is composed of two catalytic subunits, α
and α′, and two putative regulatory subunits, β ′ and β ′, which
are encoded by the CKA1, CKA2, CKB1, and CKB2 genes,
respectively (for review see [5]). Analysis of null and condi-
tional alleles of these genes has defined roles for the enzyme
in cell viability [6], cell cycle progression [7], cell polarity
[8], ion homeostasis [9], recovery from double-strand break
arrest [10], and other functions, while extragenic suppression
studies have identified potentially interacting functions, in-
cluding the pleiotropic suppressor Zds1,2 [11] and the Hsp90
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cochaperone, Cdc37 [12]. Combined biochemical and molec-
ular/genetic studies have identified a number of probable
physiological substrates, including topoisomerase II [13],
eIF-2α [14], TATA-box binding protein [15], and Cdc37 [12],
among others. Mutation of the CK2 phosphorylation sites
of Cdc37 results in severe growth and morphological de-
fects, indicating an important role for this phosphorylation
event. Subsequent analysis has uncovered a positive feed-
back loop between CK2 and Cdc37 that is required for the
activity of multiple protein kinases [12]. This system is con-
served in mammals, suggesting an ancient relationship [16].
While phosphorylation of this one target is almost sufficient
to explain the essential requirement for CK2, bioinformatic
analysis suggests that there are likely to be hundreds of CK2
targets in yeast [5]. Defining the global role of the enzyme is
thus a daunting task.

The growing body of genomic, proteomic, and functional
genomic data available in S. cerevisiae [17] makes this or-
ganism an excellent system for a renewed effort to define the
in vivo function of this enigmatic kinase. Here, we survey ge-
nomic and proteomic data available on CK2 in S. cerevisiae
in an effort to define the physiological role of the enzyme.
Collectively, the results suggest a global role for CK2 in chro-
matin structure and/or gene expression. Based on the recent
X-ray structure of human CK2, we present a detailed molec-
ular model of filamentous CK2 and suggest that this form
of the enzyme is inactive. A consideration of the available
data suggests that CK2 may serve as its own negative regu-
lator and further that the enzyme may function as a sensor of
intracellular ionic conditions.

Materials and methods

Bioinformatic analyses

Web-based searches for potential CK2 substrates in S.
cerevisiae were performed using PROSITE (http://us.ex-
pasy.org/prosite/) [18] and ScanSite (http://scansite.mit.edu/)
[19]. Other bioinformatic searches were performed using
the web interface of the Saccharomyces Genome Database
(http://www.yeastgenome.org/).

Molecular modeling of CK2

SWISS-MODEL (http://swissmodel.expasy.org/) and Swiss-
PdbViewer [20] were used to construct a symmetric model
of human CK2, to construct corresponding homology models
of D. melanogaster and S. cerevisiae CK2, and to construct
models of filamentous CK2 from each of these holoenzymes.

To construct a symmetric model of human CK2, two copies
of the X-ray crystal structure of the human CK2 holoenzyme

(PDB 1JWH) were loaded into Swiss-PdbViewer, and the
Fit Selected Residues command was used to superimpose
residues 7-205 of chain C of one copy onto the corresponding
residues of chain D of the other (backbone atoms only were
fit). Chains B and D were then deleted from each tetramer,
and the Merge Layers command was used to merge the re-
maining subunits into a single pdb file. This file contains an
approximately symmetric ACCA tetramer composed of two
copies of chain A (catalytic subunit, plus bound AMPPNP)
and two of chain C (regulatory subunit, plus bound zinc
ion).

To construct homology models of the D. melanogaster
and S. cerevisiae CK2 holoenzymes, Swiss-PdbViewer was
used to save the A and C subunits of 1JWH as separate pdb
files, and the appropriate A or C structure was opened in
Swiss-PdbViewer to serve as the modeling target. A FASTA
file of the desired Drosophila or yeast sequence was then
imported using the Load Raw Sequence to Model function,
and the two sequences were aligned manually in the Align-
ment window. The resulting sequence and structural align-
ment were saved as a project and submitted in Project mode
to the SWISS-MODEL server for optimization. Homology
models were successfully built for the α and β subunits
of D. melanogaster CK2 and the α, α′, β, and β ′ subunits
of S. cerevisiae CK2. The Fit Selected Residues command
of Swiss-PdbViewer was then used to superimpose each
Drosophila or yeast subunit onto the corresponding subunit(s)
of the symmetric human tetramer to generate the correspond-
ing Drosophila or yeast holoenzyme. The sequence of sub-
units in the yeast holoenzyme was assumed to be α–β–β ′–α′

[5].
To construct a model of filamentous CK2, the human CK2

symmetric tetramer was opened in Swiss-PdbViewer, and the
Add Residue command was used to add the missing residues
Ser2–Glu5 onto the N-terminal arm of each copy of the β

subunit. Residues Ser2–Ser8 of each β subunit were con-
verted to a beta sheet conformation and identically extended
away from the body of the holoenzyme by altering the phi–psi
angles of Val7–Ser8 within allowed regions of the Ramachan-
dran plot. Two of these modified symmetric tetramers were
then manually docked (while viewing in stereo) to obtain a
dimer of tetramers in which Ser2 of a β subunit from one
tetramer is juxtaposed to the gamma phosphoryl group of an
ATP (AMPPNP) of the other tetramer, and vice versa. The
four chains in one tetramer were renamed to make them dis-
tinct from those in the other, the two layers were merged, and
this dimer of tetramers was saved as a new file. The identical
docking geometry was then propagated to generate a uniform
helical filament. To accomplish the latter, two copies of the
dimer of tetramers were opened, and specific subunits were
superimposed to yield a trimer of tetramers in which the mid-
dle tetramer was present twice. One of the middle tetramers
was deleted, and the resulting trimer of tetramers was merged
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and save as a new file. This process was reiterated twice more
to generate a filament of five tetramers. A similar approach
was used to construct filamentous Drosophila and yeast CK2.

Results

Bioinformatic analysis of CK2 function in S. cerevisiae

A previous computer-based search of the S. cerevisiae pro-
teome, carried out when the genome was approximately
80% complete, identified over 100 proteins containing one
or more strong matches to the CK2 consensus sequence
[5]. These proteins were strongly biased toward proteins in-
volved in chromatin structure and DNA replication; RNA
synthesis, transport, and turnover; protein synthesis, target-
ing, and degradation; cell cycle progression and cell polarity;
and ion homeostasis. By contrast, few proteins involved in
metabolism were identified. Subsequent Prosite searches of
the completed genome yielded similar results, as did analo-
gous searches carried out with the Scansite algorithm using
the default CK2 matrix (data not shown). A number of pre-
dicted substrates have been confirmed by biochemical and/or
genetic studies (e.g., see “Introduction”), and the in vivo phos-
phorylation of other predicted sites has been demonstrated by
global analysis of the yeast phosphoproteome [21].

Several studies have attempted to define the pattern of
global protein–protein interactions in S. cerevisiae [22–24],
and interactions involving CK2 have been detected in several
of these. In the most informative study, one or more CK2 sub-
units were detected in 15 of 589 tandem affinity purifications
of chromosomally tagged open reading frames expressed
from the endogenous promoter and in 11 of 232 multiprotein
complexes deduced from these primary data [23]. Four of
these complexes (70, 113, 137, and 156) contained all four
subunits of CK2. Three of these complexes are categorized as
having a role in transcription/DNA maintenance/chromatin
structure and the fourth in RNA metabolism. Complex 70
includes several chromatin remodeling enzymes (Chd1,
Isw1, Isw2), complex 113 includes a large number of RNA
polymerase II elongation factors, including the core subunits
of the FACT transcriptional elongation complex (Spt16 and
Pob3) [25], and complex 156 contains numerous components
of the U3 snoRNP. The presence of CK2 in such complexes
suggests a global role for CK2 in chromatin structure
and/or gene expression. The presence of known or predicted
substrates of CK2 (e.g., Chd1, Spt16) in these complexes
suggests that recruitment of CK2 to these complexes may pro-
mote phosphorylation of specific chromatin-associated tar-
gets. The absence of CK2 from the several defined complexes
directly involved in cell cycle progression, cell polarity, etc.
suggests that the observed phenotypic effects of CK2 deple-
tion may be secondary to global effects on gene expression.

Transcriptional profiling of CK2 deletion mutants has been
carried out by two groups. Both cka2 and ckb2 were included
in the compendium of deletion mutants analyzed by Hughes
et al. [26], who reported that both mutants yield expression
changes in a set of stress response and other genes that also
exhibit intrinsic variation in wild-type cells. The cka2 mutant
was also analyzed in a subsequent screen for genes required
for processing of noncoding RNAs, but no statistically mean-
ingful effect was observed [27]. In a more focused study, Barz
et al. [28] analyzed global gene expression in synchronized
cultures of cka1, cka2, and ckb1 ckb2 null strains at defined
points in the cell cycle. A significant fraction of known cell
cycle genes exhibited altered expression at different points in
the cell cycle, as did numerous genes involved in chromatin
modification and remodeling. Alterations in global chromatin
architecture elicited by the latter changes may in part under-
lie the observed changes in cell cycle and other gene expres-
sion. The null strains analyzed in both of these studies have
little phenotypic deficit in rich medium. Use of conditions
that elicit a stronger phenotype (e.g., high salt) or strains
with a greater CK2 deficit is expected to yield more dramatic
changes in expression [26].

Synthetic Genetic Array (SGA) analysis allows high
throughput screens for synthetic genetic interactions between
two non-lethal mutants in S. cerevisiae [29]. Although no
CK2 subunit gene has yet been used as a bait in such a
screen, three of the four subunits have been identified as prey
in screens using other baits. A synthetic slow-growth pheno-
type is seen between cdc7 and each of cka1, ckb1, and ckb2;
between myo2 and both ckb1 and ckb2, and between mns1
and ckb1 only. CDC7 encodes an essential serine/threonine
protein kinase that is required throughout S phase for repli-
cation origin firing. Although CK2 is required for cell cycle
progression in G1 and G2/M in S. cerevisiae, the enzyme is
not required for S phase [7]. Interestingly, Cdc7 is the closest
homolog of Cka1 and 2 in S. cerevisiae, raising the possibil-
ity that crosstalk between the two enzymes may explain their
synthetic interaction. MYO2 encodes a type V muscle myosin
required for actin-mediated delivery of vesicles to sites of po-
larized growth, and may be relevant to the cell polarity defects
observed in CK2 catalytic subunit mutants at nonpermissive
temperature [6, 8]. Both cdc7 and myo2 exhibit a large num-
ber of synthetic interactions (45 each), suggesting that their
interactions with CK2 may be relatively nonspecific. MNS1
encodes an α-mannosidase activity. The interaction between
msn1 and ckb1 may be relevant to the flocculation phenotype
of CK2 mutants [6]. Full characterization of the genetic in-
teractions displayed by CK2 awaits the use of CK2 subunits
as bait in such experiments.

Global in vivo localization of yeast proteins has been
achieved by systematic tagging of each open reading frame
with green fluorescence protein (GFP) [30]. Each of the four
yeast CK2 subunit genes has been successfully analyzed by
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this technique. The in vivo localization is the same in all four
cases: strong nuclear staining coupled with faint cytoplasmic
staining that is clearly above background. The localization
of yeast CK2, at least in logarithmic cultures growing in rich
media, is thus identical to that reported earlier by Nigg’s
group for CK2 of vertebrate cells: in both cases CK2 is “a
predominantly nuclear enzyme” [31].

The transcriptional profiling response of the four CK2 sub-
unit genes to various physiological, genetic, or environmen-
tal conditions is generally flat, indicative of a housekeeping
function whose expression is constitutive. The steady state
abundance of each transcript has been estimated from high-
density oligonucleotide arrays at approximately 2 copies per
cell, about average for a yeast transcript [32]. The codon
adaptation index of the four open reading frames is 0.178,
0.164, 0.126, and 0.150, respectively, implying a moderate
and nearly stoichiometric expression level; and direct mea-
surement of the expression level of tagged fusion constructs
indicates that the α, α′, β, and β ′ subunits are present at
7000, 4500, 8000, and 7000 molecules per cell, respectively,
slightly above the median expression level of yeast proteins
[33]. All of these data are consistent with a moderate, consti-
tutive expression of the enzyme, suggesting that any regula-
tion of enzyme activity occurs post-translationally.

Molecular modeling of filamentous CK2

The absence of a known mechanism of regulation is per-
haps the greatest obstacle to defining the physiological role of
CK2. The putative regulatory β subunit stimulates the activity
of the catalytic subunit against most substrates but inhibits it
against others (e.g., calmodulin), mediates the stimulatory ef-
fects of both polyamines and polycations, and undergoes au-
tophosphorylation, but the physiological importance of these
effects remains to be established [2, 34]. Phosphorylation of
both subunits of CK2 by other kinases has been described in
mammalian systems, but again the physiological relevance
of these modifications has not been defined [2]. Additional

Fig. 1. An early model of CK2 regulation. Drawn in 1986, this diagram was intended to be the final figure in the paper reporting the discovery of filamentous
CK2 [3] but was eliminated during review. Top: Inactive tetrameric cAMPdPK is dissociated upon binding of cAMP to yield two active catalytic monomers and
an R2 dimer. Bottom: By analogy, inactive CK2 filaments are dissociated via an unknown mechanism to yield active CK2 tetramers. The interaction between
adjacent tetramers in this model differs in detail from that presented in Fig. 2, but the regulatory import of the two models is identical.

proposals are that CK2 activity is regulated via holoenzyme
assembly, intracellular translocation, or substrate availability
[2, 35], or by reversible polymerization of the holoenzyme
into linear filaments or other aggregates [3, 4]. How and in-
deed whether CK2 is regulated in vivo remains an open ques-
tion.

The recent structure of the human CK2 holoenzyme [36]
has revived interest in the early proposal that filamentous CK2
represents an inactive form of the enzyme and hence that re-
versible polymerization may regulate enzyme activity [3].
Figure 1 presents a diagram of this model, together with the
known mechanism of regulation of cyclic AMP-dependent
protein kinase (cAMPdPK), which served as part of its ini-
tial inspiration. This hand-drawn figure, which dates from
1986, was intended for inclusion in the manuscript reporting
the discovery of filamentous CK2 [3], but was removed at
the request of the reviewer, who thought a figure premature
in the absence of data that filaments are inactive and exist
in vivo. Here we present molecular modeling data that sup-
port the contention that filamentous CK2 is inactive against
exogenous substrates but potentially capable of autophospho-
rylation. Biochemical data consistent with this model have
recently been obtained by Meggio [37] (see “Discussion”).

In the crystal structure of the α2β2 holoenzyme of human
CK2, the autophosphorylation sites on the β subunits are
more than 40 Å away from the catalytic sites of the α subunits
[36]. Barring a gross conformational rearrangement of the
subunits, autophosphorylation within the context of a single
tetramer (cis-autophosphorylation) thus appears impossible,
strongly suggesting that autophosphorylation occurs between
two tetramers (trans-autophosphorylation). A molecular
model demonstrating that two tetramers can be successfully
docked to carry out reciprocal trans-autophosphorylation has
been generated by molecular dynamic relaxation of a manu-
ally docked complex in which one β subunit of each tetramer
is productively engaged with a catalytic subunit of the other
[38]. We asked whether a similar docking can be propagated
to generate a linear polymer consistent with the known prop-
erties of CK2 filaments defined biochemically.
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The human CK2 crystal structure contains an entire α2β2

tetramer in the asymmetric unit, and hence the two αβ dimers
of the tetramer are not related by a crystallographic axis.
Because of crystal packing forces within the P63 symmetry
of the crystal, the two dimers are significantly different, the
two catalytic subunits in particular differing dramatically in
conformation, one being open and binding the ATP analog
AMPPNP, the other closed. Because the enzyme is presum-
ably symmetric in solution and in order to construct a uniform
filament, we generated a symmetric version of the human
CK2 holoenzyme as described in “Materials and methods”.
In this structure, both α subunits are identical, as are both β

subunits. In particular, both α subunits now contain the ATP
analog, and both β subunits have an N-terminal extension
that includes the autophosphorylation site at Ser2. Strictly
speaking, this tetramer is only approximately symmetrical
as the tetramer has a slight kink at the (pseudo) twofold
axis. This kink is in the original structure (as noted, the
twofold axis of the tetramer does not correspond with a crys-
tallographic axis) and is presumably due to crystal packing
forces.

Two copies of this symmetric tetramer were then manually
docked so as to juxtapose an autophosphorylation site on one
tetramer with a catalytic site on the other, and vice versa. The
docking geometry that is achieved is sensitive to the confor-
mation chosen for the N-terminal arm of the β subunit and
probably also to the conformation of the acidic loop, though
the latter variable was not investigated. Both of these regions
are disordered in the structure of the free human β dimer
[39], and their visibility in the holoenzyme structure likely
stems from stabilizing interactions with adjacent tetramers;

Fig. 2. Model of filamentous CK2. Beginning with the X-ray structure of human CK2 holoenzyme [36], Swiss-PdbViewer was used to generate a symmetric
CK2 tetramer. Two copies of this symmetric tetramer were then manually docked to generate a dimer of tetramers, and this docking geometry was propagated
to generate a short filament of five tetramers. Odd-numbered tetramers are displayed in backbone and even-numbered tetramers in spacefill (with different
shading). Except where obscured by protein, AMPPNP in the active site of the α subunit and the zinc atoms of the β subunit zinc fingers are displayed in
spacefill. Autophosphorylation sites and active sites are productively engaged within the filament, with each tetramer contributing one autophosphorylation site
and one active site to each interface. One free active site and one free autophosphorylation site thus remain unoccupied at each end of the filament. The width
of the modeled filament is approximately 10 nm (indicated by the double-headed arrow), consistent with the 10 nm diameter estimated from negatively stained
images of Drosophila CK2 filaments [3]. The structure is helical but the pitch is slight and only weakly evident in the figure.

both regions are presumably flexible within the context of
the tetramer in solution. Nevertheless, diverse conformations
of the N-terminal arm are consistent with a successful dock-
ing, that is, one in which the sidechain of Ser2 is positioned
to make a nucleophilic attack on the terminal phosphoryl
group of the bound nucleotide. In all of these variants, the
N-terminal arm and acidic loop are closely apposed to the
basic regions of the active site allowing numerous favorable
charge–charge interactions, as discussed by Niefind et al.
[36].

Each docking geometry was then propagated as described
in “Materials and methods” to generate a continuous fila-
ment. A large range in the initial docking is compatible with
the generation of a continuous, uniform helical filament free
of steric hindrance. The pitch and even the handedness of
the filament obtained is dependent upon the geometry of the
initial docking, but the average diameter of the helix is es-
sentially constant at 10 nm, which is the diameter observed
experimentally in electron micrographs of negatively stained
preparations [3]. An example of a pentamer constructed from
the symmetric human CK2 holoenzyme is shown in Fig. 2.
Because of the occlusion of active sites by autophosphoryla-
tion sites within the body of the filament, even this degree of
polymerization is predicted to attenuate CK2 activity against
exogenous substrates by fivefold (80% inhibition). Given the
degree of polymerization observed in vitro, attenuation of ac-
tivity by 100- to 1000-fold is possible by this mechanism [3],
even if rings are excluded from consideration.

To determine whether similar filaments could be con-
structed for other species, we employed the symmetric human
tetramer to construct homology models of Drosophila CK2



168

and S. cerevisiae CK2, the latter as an α–β–β ′–α′ heterote-
tramer [5]. We were able to generate comparable filaments
free of steric hindrance in these cases as well. Although we
were unable to model the large inserts that are present in the
Cka1 and Ckb1 subunits of yeast CK2, these inserts enter and
leave these subunits at points that are substantially exposed
to solvent in the modeled structure of the yeast filament.

The astute reader will have noticed that the diagram in
Fig. 1 differs from the molecular model in Fig. 2 in that the
former filament is polar, whereas the latter is symmetric. Al-
though both were logically possible a priori, the docking
geometry shown in Fig. 1 is incompatible with the structure
of the human CK2 holoenzyme as determined by X-ray crys-
tallography.

Given that filaments are readily dissociated by salt, they are
presumably held together exclusively by ionic bonds between
the N-terminal arm and acidic loop on the one hand and the
active site on the other. If the arm and loop are flexible, then
flexibility in the geometry of the interaction is expected.

Discussion

Data mining of available bioinformatic resources has been
used to explore the global physiological role of CK2 in S.
cerevisiae. The enzyme is expressed constitutively at a mod-
est level, is predominantly nuclear, is a component of several
nuclear, chromatin-associated complexes, and is predicted to
phosphorylate a broad spectrum of nuclear as well as cyto-
plasmic proteins involved in all aspects of gene expression.
In addition, transcriptional profiling indicates that deletion
of individual CK2 subunits results in changes in the expres-
sion of a number of chromatin remodeling activities. While
doubtless an oversimplification, the combined results sug-
gest an important role for CK2 in some aspect of chromatin
structure and dynamics and/or global gene expression. A re-
cent bioinformatic compilation of global functional genomics
data available in S. cerevisiae has yielded a similar conclu-
sion: Cka1, Ckb1, and Ckb2 cluster with proteins categorized
as involved in transcription, translation, and RNA processing,
Cka2 with proteins involved in cell cycle and DNA process-
ing [40].

Because of the intimate association between the mecha-
nism of regulation of a protein kinase and its physiological
role, further progress in defining the global function of CK2
is unlikely until its mechanism of regulation (assuming that
it has one) is understood. Inspired by the recent crystal struc-
ture of the CK2 holoenzyme, we have reexamined the earlier
proposal [3] that filamentous CK2 represents an inactive form
of CK2 and that reversible polymerization/depolymerization
may thus hold the key to its intracellular regulation. Consis-
tent with this proposal, we show here that it is possible to con-
struct a molecular model of filamentous CK2, consistent with

available constraints, in which the catalytic sites of the α sub-
units within the polymer are occluded by interaction with the
autophosphorylation sites of the β subunits. This model pre-
dicts that filamentous CK2 should be essentially inert toward
external substrates but potentially capable of autophospho-
rylation. Biochemical data in support of this contention have
recently been obtained by Meggio, who has demonstrated
that there exists a strict ionic-strength-dependent correla-
tion between autophosphorylation, phosphorylation of ex-
ogenous substrates, and the polymeric state of the enzyme:
autophosphorylation is prominent under conditions of low
ionic strength where the enzyme is oligo- or polymeric but
essentially absent at high salt where the kinase is tetrameric,
while activity toward exogenous substrates behaves recip-
rocally [37]. These data are consistent with the molecular
model of filamentous CK2 presented here and provide strong
biochemical support for the proposition that polymeric CK2
represents an inactive form of the enzyme.

Do filaments exist in vivo? There are currently no direct
data bearing on this issue. However, recent analysis of cells
expressing fluorescent derivatives of CK2 subunits via flu-
orescence recovery after photobleaching has identified two
pools of CK2, one with a fast mobility in vivo and the other
with a slow mobility [41]. Filaments represent one possi-
ble explanation for the slow pool, but other explanations are
not excluded, such as tethering of tetramers to the cytoskele-
ton or other immobilized structures. That CK2 is extensively
autophosphorylated as obtained from cells provides perhaps
the strongest current argument: if it is indeed true that au-
tophosphorylation cannot occur in cis, then at least transient
formation of higher-order oligomers in vivo is a logical ne-
cessity.

Collectively, the above results provide significant new sup-
port for the proposition that CK2 activity in vivo is regu-
lated by reversible polymerization/depolymerization of the
enzyme. If this proposition is correct, two important questions
remain: what signal(s) regulates the holoenzyme–polymer
equilibrium and hence enzyme activity, and to what end?
Because CK2 polymerization is strongly affected by ionic
strength, one possibility is that the enzyme responds directly
to the ionic milieu of the cell, providing a potential sensing
mechanism that could be used to initiate necessary cellular
responses to ionic perturbations [5]. Both chromatin struc-
ture and gene expression involve extensive interactions of
polyanions (DNA and RNA) with polycations (histones, ri-
bonucleoprotein particle proteins, ribosomal proteins), and
such interactions are strongly dependent on an appropriate
ionic environment. CK2 could provide a mechanism to buffer
such crucial cellular machinery from changes in intracellular
ionic conditions, via either of two mechanisms. On the one
hand, CK2 might act to restore the normal ionic equilibrium;
on the other, CK2 might phosphorylate diverse targets within
the cell in order to allow the gene expression machinery to
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tolerate the adverse ionic conditions. Experimental support
for this scenario is provided by the fact that yeast strains
carrying hypomorphic mutations in CK2 display increased
sensitivity to Na+ and Li+ [5, 9], and this sensitivity has
been explained by both mechanisms described above [42, 43].
While the two mechanisms are not incompatible, the second
[43] is of particular interest, as it offers a potential explana-
tion for the extraordinarily broad substrate specificity of CK2
[1]. Other potential regulators include low-molecular-weight
compounds such as polyamines [4] or yet to be identified
protein regulators.

CK2 is commonly regarded as a constitutively active pro-
tein kinase that is messenger independent. Recent develop-
ments suggest that it is time to reconsider the alternative,
namely, that CK2 is a constitutively inactive enzyme, by
virtue of a default formation of inactive filaments. If so,
identification of potential regulators of the tetramer–filament
equilibrium becomes a high priority. The ionic milieu itself
represents one intriguing possibility.

An obvious need is for a method to monitor CK2 poly-
merization in living cells so that the existence of filaments
can be confirmed in vivo and their behavior monitored in re-
sponse to developmental and environmental cues or genetic
perturbations. Molecular models of polymeric CK2 such as
that proposed here should facilitate the rational design of ap-
propriate fusion constructs for this purpose.
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