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Abstract

In Drosophila, protein kinase CK2 regulates a diverse array of developmental processes. One of these is cell-fate specification
(neurogenesis) wherein CK2 regulates basic-helix-loop-helix (bHLH) repressors encoded by the Enhancer of Split Complex
(E(spl)C). Specifically, CK2 phosphorylates and activates repressor functions of E(sp])M8 during eye development. In this study
we describe the interaction of CK2 with an E(spl)-related bHLH repressor, Deadpan (Dpn). Unlike E(spl)-repressors which are
expressed in cells destined for a non-neural cell fate, Dpn is expressed in the neuronal cells and is thought to control the activity
of proneural genes. Dpn also regulates sex-determination by repressing sx/, the primary gene involved in sex differentiation. We
demonstrate that Dpn is weakly phosphorylated by monomeric CK2¢, whereas it is robustly phosphorylated by the embryo-
holoenzyme, suggesting a positive role for CK2 8. The weak phosphorylation by CK2« is markedly stimulated by the activator
polylysine to levels comparable to those with the holoenzyme. In addition, pull down assays indicate a direct interaction between
Dpn and CK2. This is the first demonstration that Dpn is a partner and target of CK2, and raises the possibility that its repressor
functions might also be regulated by phosphorylation. (Mol Cell Biochem 274: 133-139, 2005)
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Introduction

Global signaling pathways are employed in a recurring fash-
ion throughout development to regulate cell-fate specifica-
tion and differentiation of diverse cell types. The roles of the
Notch pathway during neurogenesis, myogenesis, egg cham-
ber formation, etc., is just one notable example (reviewed in
[1-4]). In Drosophila, during the process of neurogenesis,
which occurs in the neuroectoderm, Notch orchestrates ex-
pression of bHLH transcription factors that either promote
(proneural) or restrict (neurogenic) neuronal cell fate [5-7].
The former group includes bHLH activators encoded by the
achaete-scute complex (ASC) or atonal (ato), whereas the

latter includes bHLH repressors encoded by the Enhancer of
Split complex (E(spl)C). In the developing eye (for reviews
see, [8—12]), Notch initially drives expression of Atonal [13—
15], and this expression sets up neural competency in groups
of cells called proneural clusters. However, with the excep-
tion of one cell from this cluster which goes on to adopt a
neural fate, others are redirected to an alternate cell fate by ex-
pression of E(spl)-repressors [5, 14]. This inhibitory function
of Notch has been termed ‘lateral inhibition’, and is critical
for singling out cells of each proneural cluster that go on to
differentiate as neurons [16, 17]. Thus, interference with the
inhibitory phase of Notch elicits supernumerary neurons. In
the eye, E(sp)M8 antagonizes the transcriptional functions

Addpress for offprints: A.P. Bidwai, Department of Biology, Life Sciences Building, West Virginia University, Morgantown, WV 26506-6057, USA (E-mail:

abidwai @wvu.edu)



134

of Atonal via direct protein protein interactions upon phos-
phorylation of E(sp])M8 (by CK2) at a highly conserved site
[18]. As in the eye, bristle morphogenesis also depends on
proneural factors encoded by ASC (Achaete, Scute, Lethal of
Scute), and their transcriptional functions are similarly antag-
onized by E(spl) repressors [19-21]. However, during bristle
morphogenesis, phosphorylation of E(spl) proteins by CK2
appears to be dispensable [18]. These results raise the possi-
bility that the role of CK2 in regulation of E(spl) functions
might be context specific.

The E(spl) proteins along with Hairy and Dpn constitute
a group of evolutionarily conserved proteins that are collec-
tively referred to as the HES (Hairy and Enhancer of Split)
family [22-24], and they share some common modes of ac-
tion. Accordingly, these proteins exhibit a number of con-
served domains: a basic domain for DNA-binding, a helix-
loop-helix domain for dimerization, an Orange-domain that
determines specificity of interactions with proneural proteins,
and an invariant C-terminal tetrapeptide, WRPW that recruits
the co-repressor Groucho [25]. Given the structural similarity
of these proteins, we reasoned that CK2 might also regulate
Dpn via phosphorylation. In this report, we demonstrate an
interaction of CK2 with Dpn.

Dpn is a pan-neural bHLH protein with structural simi-
larities to E(spl)-repressors [22, 26]. However, in contrast to
E(spl)-repressors (which are expressed in cells destined for
a non-neural fate), Dpn is expressed in neuronal precursors
as soon as they are formed and plays important roles during
neurogenesis. Consistent with this, loss of dpn has been re-
ported to affect the function but not the gross morphology of
the nervous system. Consequently, an absence of Dpn elicits
weak motor activity and is lethal [26]. In addition, Dpn also
plays an important role in sex determination [27, 28]. Sex de-
termination, based on the ratio of X-chromosomes to the set
of autosomes, initiates in the embryo and involves the func-
tions of three types of genes; X-linked numerator elements
such as sis-a, sis-b (scute), and runt, autosomally linked
denominator elements (dpn), and maternal factors such as
daughterless (da) and extramacrochaetae (emc) [28, 29].
The X/A ratio regulates the activity of a binary switch gene,
sex lethal (sxl); when this ratio is 1:1 (females) sx/ is active
and directs feminization, whereas when it is 1:2 (males) sx/
remains inactive. In this context, Dpn acts as a denominator
element and one of its functions is to antagonize numerator
derived elements, i.e., products of sis-a and sis-b (Scute) via
protein protein interactions [30]. As mentioned above, Scute
also functions during neurogenesis. Thus, neurogenesis and
sex determination share some common positive and negative
elements for achieving cell fate specification. This supports
the prescient suggestion that animal development employs
conserved ‘functional gene cassettes’ reiteratively [31].

In this report, we demonstrate that another member of the
HES family, Dpn, is also a physical partner and target of pro-

tein kinase CK2. Dpn contains two sites for phosphorylation
by CK2. One of these is positionally conserved in a subdo-
main of some members of the HES family that regulates their
interaction with proneural factors in a CK2-dependent man-
ner. Taking into account the observation that CK2 profoundly
influences repressor activity of E(sp])M8 [18], it would ap-
pear reasonable to suggest that this protein kinase might also
regulate Dpn functions in vivo. The implications of these
findings are discussed.

Materials and methods
Yeast two-hybrid assay

All manipulations involved in construction of the two-hybrid
plasmids were carried out using standard methods, and em-
ployed vectors for expression of proteins as C-terminal fu-
sions to the DNA-binding domain of LexA or the acti-
vation domain of VP16 [32]. The construction of plas-
mids expressing CK2/8 as LexA- or AD-fusions has been
previously described [33]. LexA-Deadpan was a generous
gift from Zeev Paroush (Hebrew University, Jerusalem) and
has been previously described [34]. Two-hybrid interactions
were studied in yeast EGY048 containing plasmid pSH18-
34. Various combinations of LexA- and AD-fusion plas-
mids were transformed into EGY048 using lithium acetate,
and cultures were analyzed in triplicate for reporter gene
(LacZ) expression using a solution-based assay as described
[33].

Purification of GST-Dpn and phosphorylation by CK2

A full length Dpn cDNA was subcloned into the vector pZEX
wherein the cDNA is expressed as a C-terminal fusion with
GST, and transformed in E. coli BL21. GST and GST-Dpn
were expressed and purified essentially as described [33].
Following purification, the fusion protein was exchanged into
storage buffer (50 mM Tris, pH 8.0, 0.5 mM EDTA, 10%
glycerol, 200 mM NaCl, I mM PMSF) and concentrated us-
ing a Biomax-10K centrifugal filter device (Millipore). The
concentration and purity were estimated by densitometry of
Coomassie stained bands following SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), and calibrated using known
protein standards.

2 pg of purified GST or GST-Dpn protein were subjected
to phosphorylation in 50 mM Tris, pH 8.5, 100 mM NaCl,
10 mM MgCl,, 10 uM ATP, 5 uCi [y-*?P]ATP and CK2
(1 pg/ml) in a total volume of 40 pl. The reactions were
terminated by boiling for 5 min following the addition of
10 ul of 5x sample buffer [35]. Samples were separated by
electrophoresis in 12% acrylamide gels containing sodium



dodecyl sulfate, stained with Coomassie, and the destained
gels were exposed to Kodak XAR-5 film at room temper-
ature. In order to study the effects of polybasic activators,
reactions were supplemented with 0.68 mg/ml spermine,
100 pg/ml poly(DL)lysine, or 125 pg/ml protamine.

Direct protein-protein interactions

Interactions between Dpn and CK2 were assessed by pull
down assays employing GST-fusion proteins and either CK2-
holoenzyme or monomeric CK2«. CK2 holoenzyme was pu-
rified from embryos according to Glover et al. [36], while
CK2« was over-expressed via functional complementation
of the lethality of ckal cka2 S. cerevisiae, and purified
to homogeneity as described [37]. The V. of CK2« is
0.4 pmol/min/mg and that of the o, 8, holoenzyme is 1.6
pmol/min/mg using partially hydrolyzed and dephosphory-
lated casein as a substrate. These values are similar to those
reported earlier [36, 37].

Two pg of purified GST or GST-Dpn were mixed with
25 wl of glutathione-Sepharose 4B and incubated for 2 h
4 °C. The Sepharose was separated by centrifugation for 1
min at 2000 x g, and the beads were washed twice with 500
11 of wash buffer (50 mM Tris, pH 7.5, 5 mM EDTA, 150
mM NaCl, 5% glycerol, 1 mM PMSF, and 0.1% Triton X-
100) to remove unbound GST fusion proteins. The washed
Sepharose, containing the immobilized GST fusion proteins,
was then incubated with 100 ng of purified Drosophila CK2
and incubated for 3 h at 4 °C. The Sepharose was sepa-
rated by centrifugation for 1 min at 2000 x g, and the su-
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pernatant was recovered as unbound material. The pellets
were washed two times for 5 min each, with 500 ul of
wash buffer. Sepharose-bound (pellet) and unbound (super-
natant) fractions were resolved by SDS-polyacrylamide gel
electrophoresis and transferred to nitrocellulose. CK2 was
detected by Western blot analysis using primary antibody
against CK2 at a dilution of 1:1000 and secondary antibody
(goat-anti-rabbit IgG coupled to alkaline phosphatase, Bio-
Rad) at a dilution of 1:3000. Immunoblots were visualized
using nitro blue tetrazolium and 5-bromo-4-chloro-3-indoyl
phosphate.

Results and discussion
A positionally conserved CK2 site in HES-repressors

We had previously observed, using the yeast two hybrid as-
say, that a subset of E(spl)-repressors, i.e., M5, M7, and
MBS, robustly interact with CK2« [33]. In addition, these
three proteins are equivalently phosphorylated by monomeric
CK2« or the holoenzyme at a conserved CK2 site that is lo-
cated in close proximity to the C-terminal Groucho binding
WRPW motif (Fig. 1A). Furthermore, deletion of the CK2
site (SDCD) or replacement of the CK2 phosphoacceptor
in M8 with Asp abolished interaction, suggesting that the
CK2-site might, by itself, confer interaction. Given the over-
all structural conservation of the HES family, i.e., E(spl),
Dpn, and Hairy, we, therefore, analyzed the sequence of Dpn
to determine the presence of CK2 sites and their positional
conservation, if any. This analysis revealed the presence

A Orange B
basic HLH HLH WRPW
Hes LA | | | | é i
LexA- AD- LacZ
E(spl)M8 SPASS--GYH----SDCDS ---- ——-- 1T+1
E(spl)M5 SPASS--GYH----SDNED
E(spl)M7 SPVSS--GYA----SDNES CK2p CK2a 750 + 45
Hs-Hesé SPIPSPPGPGDDLCSDLEE
Mm-Hes6 SPIPSPPGPGDDLCSDLEE M5 CK2x 240+ 5
cK2 M7 CK2o 320 % 20
A M8 CK2x 380 £ 16
opn [NEX] [] [
Dpn CK2e 20 1
SDDD SDCSLDE |

Fig. 1. Functional motifs in HES repressors. (A) Schematic representation of the functional motifs common to HES bHLH proteins. The structural/functional
motifs are: basic domain (black box with halo), HLH and Orange domains (gray boxes), the C-terminal tetrapeptide, WRPW, that binds Groucho (black box),
and the CK2 consensus site (checkerboard box). Size heterogeneities between HES members is not indicated. Inset shows the alignment of the sequences
encompassing the CK2 site of a subset of HES members, and asterisk denotes the CK2-phosphoacceptor. (B) Comparative two hybrid interactions of E(spl)m5/7/8
and Dpn with CK2«. Yeast EGY048 harboring the LacZ-expression plasmid, pSH18-34, was transformed with plasmids expressing the indicated protein pairs.
Transformants were grown in galactose medium, and the levels of LacZ were determined as described [33]. LacZ activity is expressed in Miller Units, and the

data shown is the average of 3 independent experiments.
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of two potential sites, i.e., S°DDD and S*®DCS*''LDE
(Fig. 1A). While the N-terminal site satisfies the requirement
for an Asp/Glu at the n+ 1 and n + 3 positions, the C-terminal
site is lacking Asp/Glu at the n + 1. However, we note that
a number of substrates where the n 4 1 position is not an
Asp/Glu have been identified (reviewed in [38]). In Dpn, the
first site is adjacent to the basic domain and harbors a single
potential phosphoacceptor (Ser9). In contrast, the second site
is located in the vicinity of the Groucho binding WRPW mo-
tif and contains two potential phosphoacceptors (Ser*® and
Ser*!!) that might be subject to hierarchical phosphorylation
by CK2. Interestingly, the second site localizes to a region of
Dpn which, although hypervariable amongst HES members,
is positionally conserved in a number of repressors (M5/7/8,
Hes6, etc.) [18]. In case of M8 and its murine homolog Hes6,
this site is targeted by CK2 in vitro, and its perturbation dra-
matically affects their repressor activity in vivo [18, 33, 39].

Two hybrid interaction of CK2 and Dpn

Given the strong two hybrid interaction of E(spl)M5/7/8 with
CK2, and that interaction required integrity of the CK2 site,
we sought to ask whether Dpn was also a partner of CK2.
However, in an explicit test we observed that strength of the
(two hybrid) interaction between LexA-Dpn and AD-CK2«
appeared marginal when compared to that between LexA-M8
and AD-CK2« (Fig. 1B). This result was surprising because
Dpn contains two CK2 sites, both of which are significantly
more acidic than the single site in M5/7/8 (see Fig. 1A). We
reasoned that the significantly attenuated Dpn-CK2« inter-
action might reflect attenuated expression and/or instability
of Dpn in yeast, or, perhaps, its ability to act as a repres-
sor in yeast. An alternative possibility is that this interaction
also requires CK2p (see below). If so, a direct biochemical
route might be more informative to assess targeting of Dpn by
CK2.

Deadpan is phosphorylated by CK2

To test if Dpn is a CK2 target we performed an in vitro
phosphorylation assay. GST and GST-Deadpan were sub-
jected to phosphorylation using purified monomeric CK2«
or CK2 holoenzyme. The former isoform is relevant to our
two hybrid analysis, whereas the latter isoform mimics the
environment most likely to be encountered in vivo and thus
might be considered to be physiologically more relevant. Our
results indicate that GST-Dpn is phosphorylated weakly by
monomeric CK2«, whereas it was robustly phosphorylated
by the embryo-holoenzyme (Fig. 2). No phosphorylation of
the GST affinity tag was observed for either isoform of CK2.
These results suggest that phosphorylation of Dpn by CK2 is
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Fig. 2. Phosphorylation of Dpn by CK2. The indicated GST-fusion pro-
teins were purified, and subjected to phosphorylation using the monomeric
« subunit, CK2« or the a3 82 holoenzyme from Drosophila embryos Sam-
ples were electrophoresed in 12% SDS-polyacrylamide gels, stained with
Coomassie Blue (Gel) and autoradiographed (Film). The positions of GST
and GST-Dpn are denoted by arrows, and the arrowhead indicates the au-
tophosphorylated CK28 subunit.

positively influenced by the § subunit, and might explain its
‘weak’ interaction with CK2« in yeast. We do not consider
it likely that Dpn interacts exclusively via CK2p8, because
CK2« exhibits phosphorylation of this bHLH protein, albeit
weakly. The more likely scenario is that the Dpn interacts with
CK2 via a binding site encompassing both subunits, i.e., the
holoenzyme. Because this is the in vivo conformation of CK2
strengthens the notion that Dpn is a CK2 target. Comparative
kinetic analysis with the two isoforms will be needed to ad-
dress how CK2p enhances interaction and phosphorylation
of Dpn.

Direct interaction of Dpn and CK2

Although the phosphorylation analysis suggest that Dpn in-
teracts preferentially with the holoenzyme, two hybrid analy-
sis with this isoform per se has been precluded because yeast
strains that express equivalent amounts of CK2« and CK28
are currently unavailable. We have, therefore, assessed the
ability of Dpn to form a direct complex with embryo-CK2 or
CK2«. GST-alone and GST-Dpn were purified, immobilized
on glutathione-sepharose, and tested for complex formation
with the two isoforms of CK2. The presence of CK2 in the
bound (pellet) and unbound (supernatant) fractions was as-
sessed by Western blotting using an antisera which recognizes
both (@ and B) subunits of CK2 [40]. As expected, incubation
of CK2 with sepharose beads did not result in immunoreactive
material in the pellet fraction (data not shown). In addition,
incubation of GST-beads (Fig. 3, lanes 1 and 3) also did not
result in any immunoreactive material in the pellet, indicating
that neither isoform interacts with GST consistent with their
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Fig. 3. Interaction of Dpn with CK2«a or CK2-holoenzyme. Bacterially
expressed GST alone or a GST-Dpn fusion protein were immobilized on
glutathione-sepharose beads, and incubated with either monomeric o sub-
unit (CK2«), or the 2 82 holoenzyme from Drosophila embryos (CK2Holo).
The beads were separated from the unbound material, and the bead bound
(P, pellet) and the unbound (S, supernatant) samples were examined for the
presence of CK2 by Western blotting. The arrows indicate immunoreactive
bands corresponding to CK2« and CK25.

inability to phosphorylate this affinity tag (see Fig. 2). Incuba-
tion of GST-Dpn beads with CK2« resulted in a minor amount
of immunoreactive material in the pellet (Fig. 3, lane 5). In
contrast, incubation of GST-Dpn beads with embryo-CK2
(Fig. 3, lane 7) resulted in significantly greater amounts of
immunoreactive material in the pellet, demonstrating that
Dpn and CK2-holoenzyme interact directly. These binding
data appear to qualitatively mirror the phosphorylation data
(see Fig. 2), and we estimate that ~20% of the holoenzyme
interacted with Dpn. Given the experimental conditions of
these assays, CK2-holoenzyme contributed half the amount
of catalytic subunit compared to CK2« alone, suggesting that
complex formation appears to be relatively efficient for the
holoenzyme. These results demonstrate that the Dpn-CK2 in-
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teraction is direct. In addition, complex formation occurs in
the absence of MgATP, in line with previous analysis of the
interaction of this enzyme with M5/7/8, ZFP35, etc. [41, 42].

Effect of polybasic compounds on the
phosphorylation of Dpn

Our observations of a direct CK2-Dpn complex and its pref-
erential phosphorylation by the holoenzyme, suggested for a
positive role for CK2p. The marginal ability of CK2« to
phosphorylate Dpn (see above), and that CK28 mediates
activation by polybasic effectors [43, 44], led us to assess
whether phosphorylation was responsive to polybasic acti-
vation. The marginal phosphorylation of Dpn by CK2« was
unaffected by either spermine or protamine, but was dramat-
ically stimulated by poly(DL)lysine (Fig. 4, compare lanes
5-8). The stimulatory effects of poly(DL)lysine are not due
to non-specific phosphorylation, because GST is not phos-
phorylated in its presence (Fig. 4, compare lanes 1 and 3). In
contrast, phosphorylation of Dpn by embryo-CK2 was unre-
sponsive to further activation by these effectors (Fig. 4, lanes
13-16). These results suggests that phosphorylation of Dpn
by embryo-CK2 is unresponsive to further activation, and
supports the notion that substrates that are efficiently phos-
phorylated, e.g., the RII subunit of PKA, topoisomerase II,
etc., are generally refractory to these activators [43].

Implications of Phosphorylation of Deadpan

While the mechanism by which Dpn functions during neu-
rogenesis remains to be resolved, its role(s) during sex de-
termination are much better understood. In either case, how-
ever, one common feature of its functions is antagonism of

CK2o CK2-Holoenzyme
GST + 4 o+ & B 2 T - - - -
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Fig. 4. Effect of polybasic activators on phosphorylation of Dpn. GST-alone or GST-Dpn were purified, and subjected to phosphorylation using the monomeric
« subunit (CK2«) or the a2 B> holoenzyme from Drosophila embryos. Samples were phosphorylated with either CK2« (lanes 1-8) or the holoenzyme (lanes
9-16). Phosphorylations were conducted in the absence of any effector (lanes 1, 5, 9, and 13), or in the presence of 0.68 mg/ml spermine (lanes 2, 6, 10,
and 14), 100 pg/ml poly(DL)lysine (lanes 3, 7, 11, and 15), and 125 pg/ml protamine (lanes 4, 8, 12, and 16). Samples were electrophoresed in 12%
SDS-polyacrylamide gels, stained with Coomassie Blue (Gel, upper panels), and autoradiographed (Film, lower panels).
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ASC, whereby Dpn represses transcription of ASC via DNA-
binding [45]. In line with this, ectopic expression of dpn
reduces ASC activity, suggesting a negative interaction be-
tween these two loci. It is noteworthy that a similar function
is ascribed to HES repressors as well, although in their case
DNA-binding as well as direct interactions with proneural
factors (ASC and Atonal) are known to be required for an-
tagonism [17, 23, 46].

How might phosphorylation of dpn regulate its in vivo
functions? It is difficult to propose this with certainty based
solely on in vitro analysis. However, based on the extensive
body of genetic and molecular analysis on Dpn to date, and the
emerging notion that CK2 profoundly influences the activity
of the related repressor, E(sp])M8, during eye development
[18], some possibilities can be predicted. As stated above,
CK?2 phosphorylation regulates repressor activity of M8 and
replacement of the phosphoacceptor with Asp generates a
dominant allele that is severely exacerbated for its antineuro-
genic functions. A similar CK2 dependent mechanism might
also underlie the interaction of M8 with the ASC-bHLH acti-
vator, Lethal of Scute (Karandikar and Bidwai, unpublished).
In a similar vein, it is conceivable that phosphorylation of
Dpn might augment its ability to antagonize ASC-derived
bHLH activators by either modulating DNA binding or di-
rect protein-protein interactions. CK2 is known to regulate
DNA-binding as well as protein-protein interactions [18, 39,
47, 48].

bHLH repressors and CK2, a recurring theme
during neurogenesis

The development of nervous system is regulated by the in-
terplay between proneural proteins and their repressors. A
general strategy during neurogenesis appears to be the con-
ferring of neural potential on a field of cells, from which arises
a precise pattern of neural and accessory cell fates through
this interplay and, as such, this mechanism also appears to
be involved in other cell fate decisions. It is increasingly be-
coming apparent that cell fate choice is unlikely to be based
simply on the levels of an activator versus its cognate re-
pressor. Rather, this interplay must also be modulated in a
spatial and temporal context. In such a scenario, regulation
of protein turnover, presence or absence of cofactors, and reg-
ulatory modifications, etc., might provide a means to achieve
“fine tuning’ of this interplay. In this context, protein kinases
and/or phosphatases might provide a simple bistable mecha-
nism to ‘fine tune’ the developmental outcome [20]. Such a
mechanism is beginning to emerge for regulation of repres-
sion by E(sp])M8 and its mammalian counterpart, Hes6 [18,
39]. In both, phosphorylation by CK2 regulates their ability
to interact with and antagonize proneural factors. Given the
expanding repertoire of HES proteins that are targeted by

CK2, it would not come as a surprise that a similar mecha-
nism might also be employed for regulation of another HES
member, Dpn.

Among the HES members that are CK2 targets, Dpn differs
from E(spl) in a number of ways. While E(spl) transcription
(by Su(H)) occurs in response to an activated Notch receptor,
Dpn has been thought to be Notch-independent, although it
contains binding sites for Su(H) in a region that recapitulates
PNS/CNS specific expression [49, 50]. Furthermore, E(spl)
repressors block proneural proteins in cells undergoing lat-
eral inhibition, whereas Dpn achieves a similar outcome but
in neural cells [20, 21, 51, 52]. The remarkable conserva-
tion of CK?2 by itself (reviewed in [53, 54]), and its ability to
modulate the activity of repressors in different developmen-
tal contexts might be indicative of its selection as a general
modulator of cell fate determination.
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