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Drosophila melanogaster casein kinase II (DmCKII)
s composed of catalytic a and regulatory b subunits
ssociated as an a2b2 heterotetramer. Using the two-
ybrid system, we have screened a Drosophila embryo
DNA library for proteins that interact with DmCKII
. One of the cDNAs encodes a novel b-like polypep-
ide, which we designate b*. In situ hybridization lo-
alizes the corresponding gene to 56F1-2, a site dis-
inct from that of both the b gene and the Stellate
amily of b-like sequences. The predicted sequence of
* is more closely related to the b subunit of Drosoph-
la and other metazoans than to the Stellate family of
roteins, suggesting that it is a second regulatory sub-
nit. In vitro reconstitution studies show that a GST-b*

usion protein associates with the a subunit to gener-
te a tetrameric complex with regulatory properties
imilar to those of the native a2b2 holoenzyme. The
ata are consistent with the proposed role of the b*

ubunit as an integral component of the holoenzyme.
1999 Academic Press

Casein kinase II (CKII) is a highly conserved, pleio-
ropic protein kinase that is ubiquitous in eukaryotes
1, 2]. The enzyme is essential for viability in fungi [3]
nd capable of functioning as an oncogene in mammals
4]. CKII from most sources is composed of catalytic a
nd regulatory b subunits that combine to form an a2b2

oloenzyme. With the exception of Drosophila melano-
aster [5], Caenorhabditis elegans [6], and Schizosac-
haromyces pombe [7], most organisms contain two a
olypeptides, a and a9, that are encoded by distinct
enes. In contrast, b subunit heterogeneity has so far
een reported only in Saccharomyces cerevisiae [8] and
rabidopsis thaliana [9].

1 To whom correspondence should be addressed. Fax: 304-293-
363. E-mail: Abidwai@wvu.edu.
21
ive or reconstituted holoenzyme have revealed that
he b subunit plays a complex role in regulating the
asal catalytic activity of the a subunit [10–13]. On the
ne hand, the b subunit stabilizes the a subunit
gainst proteolysis and thermal denaturation and
timulates its activity approximately 5-fold against
ost substrates; on the other, it negatively regulates

hosphorylation of selected substrates, notably cal-
odulin [14, 15]. The b subunit also mediates stimu-

ation of CKII by polybasic compounds such as polyly-
ine and protamine. An internal acidic region within
he b subunit (residues 55–64 of human b) is necessary
or both down-regulation by the b subunit and activa-
ion by polycations [16]. The b subunit is also subject to
utophosphorylation, catalyzed by a [17], and this re-
ction is also affected by mutations within the acidic
egion [18].
D. melanogaster is unusual in possessing tandemly

epeated sequences that share homology with the CKII
subunit gene. These sequences are the Stellate (Ste)

enes and the Suppressor-of-Stellate (Su(Ste)) or crys-
al (cry) genes. Ste repeats are located in two X-linked
lusters (one at 12E1-2 and the other in heterochroma-
in) and encode polypeptides structurally related to the
subunit [19–21]; Su(Ste) repeats are located on the Y

hromosome but appear to be pseudogenes [22]. Loss of
u(Ste) function (for example, in an XO male) results

n testis-specific overexpression of Ste, accumulation of
he Ste product as star- or needle-shaped crystals in
he nuclei and cytoplasm of primary spermatocytes,
nd male sterility [20, 23]. These and related results
uggest that a balance between Ste and Su(Ste) copy
umber is required for normal gametogenesis [20], pos-
ibly because of an effect of Su(Ste) on the processing
nd/or stability of Ste transcripts [19, 24]. Hurst [25]
as proposed that Ste arose as a meiotic driver, though
his proposal and the underlying mechanism remain
ontroversial [26, 27]. Purified Stellate protein ex-
1522-4724/99 $30.00
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n vitro and stimulates its activity against a peptide
ubstrate [23], but the biochemical role, if any, of the
tellate protein in vivo remains to be defined.
Recently, a single-copy homolog of the CKII b sub-

nit gene has also been identified in D. melanogaster.
his gene is more closely related to Ste and Su(Ste)
han it is to the b subunit gene itself and has been
amed Suppressor-of-Stellate-Like (SSL)[28]. The gene

s located at 60D1-2 on the second chromosome (the b
ene itself is located at 10E1-2 on the X chromosome;
. Glover, unpublished). Kalmykova et al. [28] propose

hat SSL arose from the b subunit gene, possibly with
he involvement of reverse-transcriptase, and then
ave rise to both the Ste and Su(Ste) clusters. SSL
xpression is also restricted to the adult testis but does
ot exhibit the XO-dependence observed with Ste. Al-
hough the predicted SSL protein shares most of the
onserved features present in bona fide b subunits, the
iochemical function of the protein has not yet been
nalyzed in vitro.
In an attempt to better define the physiological role

f CKII, we have used the two-hybrid approach [29] to
dentify and characterize its physiological partners. We
escribe here the isolation of a novel b-like subunit, b9,
ot previously identified in any metazoan organism. b9

s not a product of the previously described b gene [30]
ut is encoded by a distinct gene located at 56F1-2 on
he polytene map. In vitro reconstitution and biochem-
cal studies indicate that a GST-b9 fusion protein can
ssociate with the a subunit to generate a tetrameric
omplex with regulatory properties similar to those of
ative a2b2 holoenzyme. The data are consistent with
he proposed role of the b9 subunit as an integral com-
onent of the holoenzyme.

ATERIALS AND METHODS

Construction of two-hybrid plasmids. All manipu-
ations involved in construction of the two-hybrid plas-

ids were carried out as described [31]. DmCKII a and
were amplified by PCR using primers containing two

erminal 59 bases, a restriction site, and 20 bases of
xact homology. The PCR products were subcloned into
he plasmid, pGBT9 (gift of S. Fields, now available
rom Clontech). The resulting plasmids express either
ma or Dmb as C-terminal fusions with the DNA-
inding (DB) domain (amino acids 1–147) of S. cerevi-
iae Gal4. The inserts were sequenced using the Prism
ye Terminator Cycle sequencing kit and custom
rimers (Applied Biosystems). Subsequently, inserts
ere subcloned into plasmid pGAD424 (Clontech),
here proteins are expressed as C-terminal fusions
ith the transactivation (TA) domain (amino acids
68–881) of Gal4.

Two-hybrid interactions of CKII subunits. Yeast
train HF7C [32] was transformed with plasmids ex-
22
AL4TA in every possible pairwise combination.
ransformants were tested for induction of HIS3 on
ropout medium lacking His [31] at 29°C for 4 days. In
arallel, cultures were analyzed for the induction of
acZ [33].

Yeast two-hybrid screening and b-galactosidase as-
ays. Yeast strain HF7C expressing GAL4DB-Dma
as used to screen a 3- to 12-h Drosophila embryo

DNA library (gift from S. J. Elledge) according to the
atchmaker Two-Hybrid System protocol (Clontech).
total of 2 3 106 transformants were plated on me-

ium lacking Trp, Leu, and His [31]; and colonies ex-
ibiting rapid growth were rescreened for expression of
acZ [33]. Of the 45 His1 colonies, 15 tested positive for
acZ and were therefore chosen for further analysis.
lasmids expressing GAL4TA-cDNA fusions were re-
overed and retransformed into HF7C alone and into
F7C expressing GAL4DB-Dma or GAL4DB-Dmb.
hose cDNAs which induced expression of the reporter
enes (HIS3 and lacZ) in a bait-specific manner were
dentified by sequencing across the GAL4TA-cDNA
unction using a GAL4-specific primer. Two clones,
mA-15 and DmA-16, encoded Dmb9 and were com-
letely sequenced as described above.

In situ hybridization to polytene chromosomes. Sal-
vary glands from third instar D. melanogaster larvae
ere isolated, dissected, and prepared for hybridiza-

ion essentially as described [34]. The cDNA from clone
mA-15 was labeled by nick translation using biotin-
lated dUTP (Boehringer-Mannheim). Probe binding
as visualized using streptavidin coupled to alkaline
hosphatase, and slides were photographed at 4003
agnification on Kodak Tmax-100 film.

Expression of GST-fusion proteins. The full-length
9 cDNA was isolated by digestion of plasmid DmA-16
ith BglII and subcloned into the BamHI site of the E.

oli expression plasmid, pZEX (gift of Z. Paroush and
. Ish-Horowicz). pZEX has been modified to accom-
odate the multiple cloning site and reading frame of

he library-encoded cDNAs, and proteins are expressed
s C-terminal fusions with Schistosoma japonicum glu-
athione S-transferase (GST). Plasmids expressing
ST-Dmb9 were transformed into E. coli BL21(DE3)
arboring the plasmid ptTRX (gift of S. Ishi). ptTRX
rives expression of thioredoxin which increases the
olubility and functionality of eukaryotic proteins ex-
ressed in E. coli [35]. Cultures (100 ml) were grown in
3 YTA [31] containing 150 mg/ml ampicillin and 15
g/ml chloramphenicol to an OD600 of 0.7 and induced
ith 1 mM isopropyl-b-D-thiogalactoside for 4 h at 22°C
ith vigorous shaking. All subsequent steps were con-
ucted at 4°C. Cultures were harvested, resuspended
n 10 ml phosphate-buffered saline (PBS) containing 1

M phenylmethylsulfonyl fluoride, 1 mM EDTA, 0.1%
-mercaptoethanol, and lysed by sonication. Triton
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ixed for 1 h at 4°C. Insoluble material was removed
y centrifugation, and the supernatant was passed
wice through a column containing 1 ml of glutathione–
epharose 4B (Pharmacia). The column was washed
ith 10 bed volumes of PBS, and bound protein was
luted with 5 ml of 100 mM reduced glutathione in 50
M Tris, pH 8.0. The eluted protein was concentrated

nd exchanged into storage buffer (50 mM Tris, pH 8.0,
.5 mM EDTA, 10% glycerol, 200 mM NaCl, 1 mM
MSF) using a Centricon apparatus (Amicon). Sam-
les were analyzed by SDS–polyacrylamide gel electro-
horesis (SDS–PAGE), and the concentration and pu-
ity were estimated by densitometry of Coomassie
lue-stained gels relative to known standards.

Association of GST-Dmb9 with Dma. Monomeric
ma was purified from a yeast expression system as
reviously reported [10]. Aliquots corresponding to 10
g of Dma were mixed with purified GST or GST-Dmb9
nd incubated overnight at 4°C in storage buffer. Sub-
equently the entire mixture was loaded onto pre-
ormed 10-30% linear glycerol gradients and centri-
uged at 38,000 rpm for 60 h in a SW41 rotor
Beckman). Aliquots of each gradient fraction were
ssayed for CKII activity using casein as a substrate
5], and the position of polypeptides within the gradi-
nt was determined by SDS–PAGE followed by silver-
taining. Carbonic anhydrase, bovine serum albumin,
nd amylase were used as sedimentation standards.
he migration of the latter proteins was determined by
nalyzing gradient fractions by SDS–PAGE followed
y staining with Coomassie blue.

Phosphorylation of calmodulin. Aliquots of gradi-
nt fractions containing equivalent amounts of cata-
ytic subunit either as monomeric a subunit or as

2(GST-Dmb9)2 holoenzyme were used to phosphory-
ate calmodulin essentially as described [14]. Samples
ere separated by SDS–PAGE and stained with Coo-
assie blue, and the radioactivity incorporated in cal-
odulin was determined by phosphorimaging (Molec-
lar Dynamics).

ESULTS

Interaction of CKII subunits. We first sought to
stablish that DmCKII a and b subunits expressed as
usions with either GAL4DB or GAL4TA interact in
he yeast two-hybrid system. As expected, transfor-
ants expressing GAL4DB-Dma/b or GAL4TA-Dma/b

lone did not induce expression of the reporters HIS3
nd lacZ (Fig. 1). However, coexpressing GAL4DB-
ma and GAL4TA-Dmb resulted in the induction of
oth reporters, suggesting that DmCKII a and b inter-
ct in the two-hybrid assay, presumably reflecting for-
ation of the a2b2 holoenzyme. Identical results were

bserved in the reverse orientation, i.e., GAL4DB-Dmb
23
nd GAL4TA-Dma, indicating that this interaction is
ot Gal4 domain-dependent. These data are in agree-
ent with two-hybrid analysis of human CKII [36–38].
Transformants coexpressing GAL4DB-Dma and
AL4TA-Dma exhibited growth in the absence of His,
nd although the levels of lacZ were undetectable in
he liquid assay (Fig. 1), a weak blue color was ob-
erved in the filter assay (data not shown). While the
nteraction is clearly weaker than the a-b interaction,
he isolation of Dma in a random screen with Dma as
ait (see below), confirms that the interaction is real.
t face value these data indicate either formation of a
ma dimer, a result at odds with two-hybrid analysis

f human CKII a [36–38], or a bridging interaction
nvolving the endogenous yeast b subunits. Consistent
ith the latter possibility, Dma exhibits a two-hybrid

nteraction with either b subunit of S. cerevisiae CKII
hen tested explicitly (unpublished results).
Surprisingly, interaction of Dmb with itself could not

e detected with either reporter (Fig. 1) or with the
-galactosidase filter assay (data not shown). This re-
ult contrasts with two-hybrid results using human
KII b that suggest the formation of a b-b dimer [36–
8]. We have previously observed that expression of
mb in S. cerevisiae does not lead to the accumulation
f detectable immunoreactive material unless the pro-
ein is co-expressed with Dma [10]. Thus, our inability

FIG. 1. Subunit interactions of DmCKII and isolation of Dmb9.
A) S. cerevisiae strain HF7C was transformed with plasmids ex-
ressing the indicated fusions between the DmCKII a or b subunits
nd GAL4DB or GAL4TA. Untransformed HF7C was used as a
ontrol (a dash indicates the absence of a plasmid). Following growth
n minimal (Leu-, Trp-) medium, induction of the two-hybrid reporter
enes, HIS3 and lacZ, was assayed as described under Materials and
ethods. (B) Growth on His1 and His2 medium for 4 days at 29°C.

C) Induction of lacZ, assayed as b-galactosidase activity. Activity is
xpressed in Miller Units, and the mean and standard deviation of
hree replicate assays is shown.
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o detect a b–b interaction may reflect the instability of
mb in yeast.
The analysis of the interactions among the DmCKII

ubunits confirms that the fusion proteins are ex-
ressed in a functional form and establishes which
ubunits are potentially detectable in a random screen
mploying Dma.

Isolation of cDNAs encoding Dmb9. The yeast
train HF7C expressing GAL4DB-Dma was used to
creen a 3- to 12-h D. melanogaster embryo cDNA
ibrary. From approximately 1 3 106 transformants,
e recovered 15 clones that activated transcription of
IS3 and lacZ. All 15 clones induced the two reporter

enes only when co-transformed with Dma (data not
hown). Sequencing of the GAL4TA-cDNA fusion junc-
ions revealed that 7 of the clones encode Dmb, 1
ncodes Dma, 2 (DmA-15 and DmA-16) encode a Dmb-
ike subunit which we call Dmb9 (see below), and the
est encode novel proteins that will be described else-
here.
Dmb9 interacts strongly with Dma but not with Dmb

Fig. 1), demonstrating that this interaction is specific
or the a subunit and corroborating our inability to
etect b-b interactions (see above). Furthermore, nei-
her reporter was expressed using GAL4TA-Dmb9
lone. The levels of lacZ induction observed with Dma

Dmb9 are approximately 10-fold higher than those
bserved with Dma 1 Dmb (Fig. 1). Whether this re-
ects a stronger interaction of Dma with Dmb9 than
ith Dmb cannot be determined from the available
ata since the stability of the fusion proteins and other
actors may influence expression of the reporters used
n the two-hybrid assay.

FIG. 2. Alignment of animal CKII b subunits and the b-like polyp
nd their GenBank accession numbers are Homo sapiens b (X1631
elanogaster b (M16535), D. melanogaster b9 (U51209), D. melanoga

nd chicken b sequences are not shown explicitly, as they are identic
dentical residues are highlighted in black, and conservative replace
24
Sequencing of the two b9-encoding cDNAs, DmA-15
nd DmA-16, revealed that the latter contains an ap-
arently full-length protein coding region. This cDNA
GenBank Accession No. U51209) is 763 bp long and
ontains an open reading frame of 660 bp. The putative
nitiation codon is located within the context AGC-
ATGA, which is a reasonable match to the start-site
onsensus for D. melanogaster [39]. The absence of a
oly-A tail as well as a poly-A addition signal suggests
hat the cDNA is truncated within the 39 untranslated
egion. Conceptual translation of the open reading
rame yields a predicted polypeptide of 219 amino acids
ith a calculated molecular mass of 24,966 Da, a value

imilar to that of Dmb (24,700 Da) [30].

Relationship to other b subunit sequences. An
lignment of Dmb9 with metazoan b subunits and the
-like polypeptides encoded by the D. melanogaster Ste
nd SSL genes is shown in Fig. 2. Dmb9 appears to
ontain all of the major features conserved among b
ubunits of other organisms, including the N-terminal
utophosphorylation site, the internal acidic region,
nd the invariant sequence CPxxC-x22-CPxC, proposed
o represent a metal-binding motif [40]. However, not
ll of these features are perfectly conserved. The auto-
hosphorylation site of b9 differs at several positions
rom that of metazoan b subunits and in particular
ontains a Thr in place of Ser at position 2. Autophos-
horylation of human CKII results in the phosphory-
ation of the b subunit at Ser2 [17], and its replacement
y Thr in Dmb9 would not be expected to affect this
eaction. While 7/10 residues in the acidic domain (res-
dues Asp55–Asp64 of the human sequence, see Fig. 2)
re Asp/Glu in mammalian and Drosophila b, only 3/10

ides encoded by D. melanogaster Stellate and SSL. Sequences shown
Xenopus laevis b (X62376), Caenorhabditis elegans b (M73827), D.
r Stellate (X15899), and D. melanogaster SSL (L49382). Bovine, rat,
o human b. Dashes indicate gaps introduced to maintain alignment.
nts are shaded.
ept
2),
ste

al t
me
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re acidic in Dmb9, 5–6 (depending upon the align-
ent) in SSL, and 1 in Stellate.
Pairwise comparisons among the sequences aligned

n Fig. 2 indicate that Dmb9 is less closely related to
etazoan b subunits than is Dmb. For example, Dmb9

s only 59% identical to human b, whereas Dmb is 88%
dentical. Nevertheless, among the b-related sequences
n Drosophila, Dmb is clearly the closest relative. Dmb9
s 60% identical to Dmb but only 46 and 39% identical
o SSL and Stellate, respectively (Stellate and SSL are
hemselves 53% identical). To analyze more rigorously
he position of Dmb9 within the b family, we used a
eighbor-joining algorithm to construct an unrooted
hylogenetic tree of all available b sequences (Fig. 3).
he analysis reveals that Dmb9 is most closely related
o the b subunit of metazoan species. In contrast, Stel-
ate and SSL are located on a distinct and distantly
elated branch of the b tree.

In situ hybridization to polytene chromosomes. The
ytological location of the Dmb9 gene was determined
y in situ hybridization to polytene chromosomes. Us-
ng the DmA-15 cDNA as a probe, the b9 gene was
ocalized to 56F1-2 on the second chromosome (Fig. 4).
his site of hybridization is distinct from those of the b
ene (10E1-2), SSL (60D1-2), and the X- and Y-linked
te and Su(Ste) arrays. This result confirms that the b9

soform is encoded by a unique gene. No additional
ites of hybridization were observed for Dmb9.

Association of Dma and GST-Dmb9. It has been
reviously shown that subunits of CKII expressed and
urified from E. coli associate to form an a2b2 holoen-
yme with properties similar to those of the native
oloenzyme [13]. To determine whether Dmb9 is com-
etent to associate with the a subunit to form an a2b92
oloenzyme, the b9 subunit was expressed as a GST-

FIG. 3. Unrooted phylogenetic tree of the CKII b subunit. The
olypeptides were aligned using the PILEUP program of the GCG su
nd a gap length weight of 0.1. The program DISTANCES was us
ROWTREE was used to construct an unrooted phylogenetic tree v

eplacements per site.
25
usion protein and purified by affinity chromatography
n glutathione–agarose. The purified fusion protein (or
ST as a control) was then incubated with purified
ma, and potential complexes were detected by glyc-
rol gradient centrifugation. As shown in Fig. 4, Dma
nd GST yielded a single peak of kinase activity with a
obility equal to that of free a subunit, indicating the

bsence of an interaction between the a subunit and
ST. In contrast, a mixture containing Dma and GST-
mb9 yielded two peaks of kinase activity, the first

orresponding to free a subunit and the second having
n apparent molecular mass of 180,000 Da. The latter
ize is consistent with the formation of an a2(GST-b9)2

oloenzyme (predicted molecular mass, 200,000 Da).
hat the second peak of activity reflects formation of a
omplex of Dma and GST-Dmb9 was confirmed by
DS–PAGE analysis of gradient fractions (data not
hown). We estimate that approximately 40% of the
vailable a subunit was converted to holoenzyme in
his experiment. Given that Dma and GST-Dmb9 were
dded in approximately stoichiometric amounts at rel-
tively low concentration (,100 mg/ml), formation of a
table tetrameric complex appears to be relatively ef-
cient under the conditions employed.

Phosphorylation of calmodulin. We and others
ave shown that the b subunit inhibits the ability of
he a subunit to phosphorylate calmodulin and that
his inhibition can be overcome by the polybasic acti-
ators, polylysine and protamine, but not spermine
14, 15]. We asked whether the presence of the b9
ubunit in the a2(GST-b9)2 holoenzyme similarly inhib-
ts phosphorylation of calmodulin. As shown in Fig. 5B,
almodulin is weakly phosphorylated in the presence of
ree a subunit (lane 5), as reported previously, but the
ctivity of an identical amount of a subunit present as

duced amino acid sequences of all available b subunits and b-like
(Genetics Computer Group, Madison, WI) with a gap weight of 3.0

to calculate phylogenetic distances by the method of Kimura, and
he neighbor-joining method. The scale bar indicates 0.1 amino acid
de
ite

ed
ia t
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etrameric complexes with GST-Dmb9 is significantly
nhibited against this substrate (lane 9). Furthermore,
he addition of polylysine (lane 11) and protamine (lane
2) but not spermine (lane 10) overcomes the inhibition

FIG. 4. In situ hybridization to polytene chromosomes. The DmA-
f the Dmb9 gene on the polytene chromosome map. The probe was l
nstar salivary glands, and visualized with streptavidin-coupled alk
et; (B) enlargement of the area of hybridization shown in A. The si

FIG. 5. Purification of a2(GST-Dmb9)2 holoenzyme and phosph
urified as described under Materials and Methods. Purified Dma an
esolved by sedimentation in glycerol gradients. Gradient fraction
edimentation positions of the protein standards, carbonic anhydras
ractions 6 (Dma) and 12 (holoenzyme) from the gradient shown i
resence or absence of basic effectors. Samples were resolved by SD
–4, no enzyme control; lanes 5–8, Dma; lanes 9 and 10, a2(GST-Dm
ffector (lanes 1, 5, and 9) or in the presence of 100 mg/ml spermine
r 125 mg/ml protamine (lanes 4, 8, and 12). The position of calmodu
26
f calmodulin phosphorylation and in fact results in a
ramatic stimulation of activity, relative to that of free
subunit. All of this behavior closely parallels that of

2b2 holoenzyme [14]. No phosphorylation of calmodu-

cDNA encoding Dmb9 was used to determine the cytological location
led with biotin-dUTP, hybridized to polytene chromosomes of third
e phosphatase. (A) In situ hybridization to a complete chromosome
f hybridization is indicated by an arrow.

lation of calmodulin. (A) GST-Dmb9 was expressed in E. coli and
ST or GST-Dmb9 were allowed to reassociate, and the mixtures were
ere assayed for kinase activity using casein as a substrate. The

CA), bovine serum albumin (BSA), and amylase, are indicated. (B)
anel A were assayed for kinase activity against calmodulin in the
AGE, and radioactivity was visualized by phosphorimaging. Lanes
)2 holoenzyme. Samples were phosphorylated in the absence of any
nes 2, 6, and 10) or 100 mg/ml poly-(D,L)-lysine (lanes 3, 7, and 11),
, which runs as a doublet, is indicated by the arrows.
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nd spermine, polylysine, and protamine had only
odest effects on free a (lanes 6–8). The weak stimu-

ation of free a by polylysine (lane 7) and protamine
lane 8) is consistent with earlier results and may
eflect direct interaction with the a subunit and/or
nteractions with the substrate [14, 15]. Collectively,
hese studies demonstrate that Dmb9 is capable of
ssociating with the a subunit in vitro and regulating
ts activity, both positively and negatively.

ISCUSSION

Using the yeast two-hybrid system, we have isolated
DNAs encoding a new b-related polypeptide in Dro-
ophila melanogaster. Several lines of evidence suggest
hat this polypeptide represents a novel b9 subunit of
KII rather than a component of the Drosophila
tellate/SSL complex. First, sequence comparisons and
hylogenetic analysis indicate that Dmb9 is most
losely related to Dmb and other metazoan b subunits
nd only distantly related to Stellate or SSL. Second,
mb9 contains the essential structural features of a b

ubunit, including the autophosphorylation site, acidic
egion, and potential metal-binding motif. Third, Dmb9
ssociates efficiently with Dma in vitro to form a tet-
americ holoenzyme. The strong interaction between
ma and Dmb9 in the two-hybrid system suggests that

hese proteins interact in vivo as well. Fourth, Dmb9
ilences the ability of the a subunit to phosphorylate
almodulin and mediates the activating effects of poly-
asic effectors such as polylysine. Fifth, cDNA clones
ncoding Dmb9 are readily isolated from a 3- to 12-h
mbryo cDNA library, implying that Dmb9 is signifi-
antly expressed during this developmental stage. In
ontrast, Stellate and SSL are more distantly related
o true b subunits. In addition, Stellate interacts only
eakly with a in vitro, and the complex does not re-

pond to polylysine [23]. The latter is consistent with
he absence of an acidic region in the Stellate polypep-
ide. Perhaps most importantly, the expression of the
ntire Stellate-related family, Ste, Su(Ste), and SSL,
ppears to be confined to the testis of adult males
19, 28].

Biochemical data collected thus far suggest that
mb and b9 are functionally similar. In particular,
lthough the acidic region of Dmb9 has a significantly
educed negative charge density relative to b, our in
itro results show that Dmb9 can both negatively reg-
late calmodulin phosphorylation and mediate activa-
ion by polylysine. Nevertheless, it is possible that
mb9 possesses subtle functional differences relative

o Dmb that were not detected in our assays. Addi-
ional biochemical studies will be required to address
his issue.

The spatial and temporal expression patterns of the
mb and b9 subunits remain to be defined. CKII has
27
nd is very abundant at this stage [5], but the b sub-
nit(s) present in this material is N-terminally blocked
nd has not been sequenced. As noted above, the b9
ubunit appears to be expressed in embryos, and sim-
lar logic applies to the b subunit as well [30]; this
eport). If expression of the two isoforms occurs in the
ame embryonic cell type(s), the possibility of a2bb9
etramers in addition to a2b2 and a2b92 tetramers will
eed to be considered, analogous to the a2b2, a92b2 and
a9b2 tetramers already documented for mammalian
KII [37, 41]. Such heterotetramers may have unique
egulatory properties. Northern analysis, in situ hy-
ridization, and immunolocalization will be required to
efine the temporal and spatial expression of both iso-
orms.

Three species are now known to contain two b sub-
nit genes: S. cerevisiae, A. thaliana, and D. melano-
aster, representing fungi, plants, and animals, respec-
ively. The phylogenetic analysis shown in Fig. 3
rovides no evidence that the b and b9 sequences con-
titute distinct orthologous families, but rather sug-
ests that independent gene duplication events have
ccurred in different lines [42]. Nevertheless, the posi-
ion of Dmb9 in the tree shown in Fig. 3 raises the
ossibility that an orthologous b9 gene may exist
mong metazoan species. Given the sequence diver-
ence between Dmb and b9, it is possible that the
robes and primers typically used to isolate b subunit
enes might not have detected such a b9 gene.

CKNOWLEDGMENTS

We thank S. Fields, Z. Paroush, D. Ish-Horowicz, and S. Ishi for
lasmids; S. J. Elledge for the Drosophila cDNA library; and A.
arvey for technical assistance. This work was supported by Na-

ional Institutes of Health Grant GM33237 to C.V.C.G. and institu-
ional support from the Eberly College of Arts and Sciences at West
irginia University to A.P.B.

EFERENCES

1. Allende, J. E., and Allende, C. C. (1995) FASEB J. 9, 313–322.
2. Pinna, L. A. (1994) Cell. Mol. Biol. Res. 40, 383–390.
3. Padmanabha, R., Chen-Wu, J. L. P., Hanna, D. E., and Glover,

C. V. C. (1990) Mol. Cell. Biol. 10, 4089–4099.
4. Seldin, D. C., and Leder, P. (1995) Science 267, 894–897.
5. Glover, C. V. C., Shelton, E. R., and Brutlag, D. L. (1983) J. Biol.

Chem. 258, 3258–3256.
6. Hu, E., and Rubin, C. S. (1990) J. Biol. Chem. 265, 5072–5080.
7. Roussou, I., and Dretta, G. (1994) Mol. Cell. Biol. 14, 576–586.
8. Bidwai, A. P., Reed, J. C., and Glover, C. V. C. (1994) Arch.

Biochem. Biophys. 309, 348–355.
9. Collinge, M. A., and Walker, J. C. (1994) Plant Mol. Biol. 25,

649–658.
0. Bidwai, A. P., Hanna, D. E., and Glover, C. V. C. (1992) J. Biol.

Chem. 267, 18790–18796.
1. Hu, E., and Rubin, C. S. (1990) J. Biol. Chem. 265, 20609–20615.



12. Lin, W. J., Tuazon, P. T., and Traugh, J. A. (1991) J. Biol. Chem.

1

1

1

1

1

1

1
2

2
2

2

2

2
2
2

2

29. Fields, S., and Sternglanz, R. (1994) Trends Genet. 10, 286 –

3

3

3

3

3

3

3

3

3

3

4

4

4

Vol. 1, No. 1, 1999 MOLECULAR CELL BIOLOGY RESEARCH COMMUNICATIONS
266, 5664–5669.
3. Meggio, F., Boldyreff, B., Marin, O., Pinna, L. A., and Issinger,

O.-G. (1992) Eur. J. Biochem. 204, 293–297.
4. Bidwai, A. P., Reed, J. C., and Glover, C. V. C. (1993) Arch.

Biochem. Biophys. 300, 265–270.
5. Meggio, F., Boldyreff, B., Marin, O., Marchiori, F., Perich, J. W.,

Issinger, O. G., and Pinna, L. A. (1992) Eur. J. Biochem. 205,
939–945.

6. Meggio, F., Boldyreff, B., Issinger, O.-G., and Pinna, L. A. (1994)
Biochemistry 33, 4336–4342.

7. Boldyreff, B., Meggio, F., Pinna, L. A., and Issinger, O.-G. (1993)
Biochemistry 32, 12672–12677.

8. Boldyreff, B., Meggio, F., Pinna, L. A., and Issinger, O. G. (1994)
J. Biol. Chem. 269, 4827–4831.

9. Livak, K. J. (1990) Genetics 124, 303–316.
0. Palumbo, G., Bonaccorsi, S., Robbins, L. G., and Pimpinelli, S.

(1994) Genetics 138, 1181–1197.
1. Shevelyov, Y. Y. (1992) Genetics 132, 1033–1037.
2. Balakireva, M. D., Shevelyov, Y. Y., Nurminsky, D. I., Livak, K. J.,

and Gvozdev, V. A. (1992) Nucleic Acids Res. 20, 3731–3736.
3. Bozzetti, M. P., et al. (1995) Proc. Natl. Acad. Sci. USA 92,

6067–6071.
4. Danilevskaya, O. N., Kurenova, E. V., Pavlova, M. N., Bebehov,

D. V., Link, A. J., Vellek, A., and Hartl, D. L. (1991) Chromosoma
100, 118–124.

5. Hurst, L. D. (1992) Genetics 130, 229–230.
6. Hurst, L. D. (1996) Genetics 142, 641–643.
7. Robbins, L. G., Palumbo, G., Bonaccorsi, S., and Pimpinelli, S.

(1996) Genetics 142, 645–647.
8. Kalmykova, A. I., Shevelyov, Y. Y., Dobritsa, A. A., and Gvozdev,

V. A. (1997) Proc. Natl. Acad. Sci. USA 94, 6297–6302.
28
292.
0. Saxena, A., Padmanabha, R., and Glover, C. V. C. (1987) Mol.

Cell. Biol. 7, 3409–3417.
1. Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seid-

man, J. G., Smith, J. A., and Struhl, K. (1989) Current Protocols
in Molecular Biology, Wiley Interscience, New York.

2. Feilotter, H. E., Hannon, G. J., Ruddell, C. J., and Beach, D.
(1994) Nucleic Acids Res. 22, 1502–1503.

3. Miller, J. H. (1972) Experiments in Molecular Genetics, Cold
Spring Harbor, New York.

4. Ashburner, M. (1989) Drosophila, a Laboratory Manual, Cold
Spring Harbor, New York.

5. Yasukawa, T., Kanei-Ishii, C., Maekawa, T., Fujimoto, J.,
Yamamoto, T., and Ishii, S. (1995) J. Biol. Chem. 270, 25328–
25331.

6. Boldyreff, B., Mietens, U., and Issinger, O. G. (1997) FEBS Lett.
379, 153–156.

7. Gietz, R. D., Graham, K. C., and Litchfield, D. W. (1995) J. Biol.
Chem. 267, 13017–13021.

8. Kusk, M., Bendixen, C., Duno, M., Westergaard, O., and Thom-
sen, B. (1995) J. Mol. Biol. 253, 703–711.

9. Cavener, D. R., and Cavener, B. A. (1993) in An Atlas of Dro-
sophila Genes: Sequences and Molecular Features (Maroni, G.,
Ed.), Oxford Univ. Press, New York.

0. Gatica, M., Hinrichs, M. V., Jedlicki, A., Allende, C., and Al-
lende, J. E. (1993) FEBS Lett. 315, 173–177.

1. Chester, N., Yu, I. J., and Marshak, D. R. (1995) J. Biol. Chem.
270, 7501–7514.

2. Bidwai, A. P., Reed, J. C., and Glover, C. V. C. (1995) J. Biol.
Chem. 270, 10395–10404.


	MATERIALS AND METHODS
	RESULTS
	FIG. 1
	FIG.2
	FIG. 3
	FIG. 4
	FIG. 5

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

