
Multiple, Closely Spaced Alternative 59 Exons in the

U
b
l

e
a
r

l
e
a

Molecular Cell Biology Research Communications 3, 283–291 (2000)

doi:10.1006/mcbr.2000.0223, available online at http://www.idealibrary.com on
DmCKIIb Gene of Drosophila melanogaster

Ashok P. Bidwai,*,1 Amit Saxena,*,2 Wenfan Zhao,† Richard O. McCann,†,3

and Claiborne V. C. Glover†
*Department of Biology, West Virginia University, Morgantown, West Virginia 26506-6057; and †Department
of Biochemistry and Molecular Biology, University of Georgia, Athens, Georgia 30602-7229

Received May 15, 2000
scription, translation, cell cycle regulation, and signal

r

Drosophila melanogaster casein kinase II (CKII) is
composed of catalytic a and regulatory b subunits.

sing the two-hybrid system, we have isolated a num-
er of cDNAs that are related to a previously pub-

ished cDNA encoding the b subunit, but exhibit diver-
gent 5* sequences. To determine the source of this
sequence variation, we have isolated the gene encod-
ing the b subunit of CKII. The b gene contains five
xons encompassing the complete open reading frame,
s well as five alternative exons in the 5* untranslated
egion (UTR). Only one 5* UTR exon is contained in

each cDNA, implying five distinct classes of transcript.
In addition, the b gene contains at least two poly(A)
addition signals which generate additional complexity
at the 3* end. The complex pattern of transcription
may serve a role in the spatial and/or temporal expres-
sion of the b subunit since, with one exception, all
transcripts encode the full-length b polypeptide. Phy-
ogenetic comparison of the b genes of Drosophila, C.
legans, and mammals reveals three invariant introns
s well as evidence of recent intron gain/loss. © 2000

Academic Press

Casein kinase II (CKII) is a highly conserved protein
kinase that appears to be ubiquitous in eukaryotes [1,
2]. The enzyme is classified as an acidic-directed Ser/
Thr protein kinase [3], but at least one substrate that
is phosphorylated on a tyrosine residue in vivo has
been identified [4]. CKII phosphorylates a broad spec-
trum of cytoplasmic and nuclear proteins involved in
diverse processes, including DNA replication, tran-
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transduction [1], suggesting a pleiotropic role. CKII is
essential for viability in Saccharomyces cerevisiae [5]
and probably also in Schizosaccharomyces pombe [6]
and is capable of functioning as an oncogene in mam-
mals [7]. The enzyme is constitutively active as iso-
lated and may be messenger-independent in vivo [2].

CKII of most species is composed of catalytic a and
egulatory b subunits that combine to form an a2b2

holoenzyme. The free a subunit is monomeric and ac-
tive in vitro, and the crystal structure of the catalytic
subunit of maize CKII has revealed the likely origin of
this constitutive activity [8]. The function of the b
subunit is complex [1, 2]. On the one hand, the b
subunit stabilizes the a subunit against denaturation
and stimulates its activity against most substrates in
vitro; on the other, it exerts a down-regulation of ac-
tivity against specific substrates, notably calmodulin.
The b subunit is also subject to autophosphorylation
(catalyzed by a) and mediates activation of the enzyme
by polybasic compounds such as spermine and polyly-
sine. The crystal structure of the human b subunit has
provided additional insight into the structure and func-
tion of the regulatory subunit [9]. The protein is com-
posed of two well defined domains, an a-helical
N-terminal domain (domain I, residues 5–104) and a
C-terminal domain (domain II, residues 105–161). The
latter is composed primarily of b-sheet and contains an
invariant Cys-rich motif (CPX3C-X22-CPXC) that forms
a novel zinc-finger. This domain mediates formation of
a b dimer that presumably forms the core of the tet-
rameric holoenzyme. Domain I contains the autophos-
phorylation site (residues 1–6) as well as the internal
acidic region (residues 55–64) implicated in the bind-
ing of basic compounds. Both are disordered in the
structure but are in close proximity, consistent with
cooperation between these two regions in modulation
of enzyme activity.

The b gene family of Drosophila melanogaster is
unusually complex, consisting of two bona fide b sub-
1522-4724/00 $35.00
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large family of b-related genes, Stellate (Ste) [12],
Suppressor-of-Stellate [Su(Ste)] [13], and Su(Ste)-like
(SSL) [14]. DmCKIIb and b’ appear to be broadly ex-
pressed, but expression of the b-related genes is con-
fined to the testis. The b-related genes are believed to

ave arisen from the b gene [14]. SSL contains all of
he key motifs required for interaction with and regu-
ation of the CKII a subunit, and the Stellate protein

has been shown to interact weakly with the a subunit
in vitro [15]. It is thus possible that these b-related
polypeptides play a role in regulation of CKII activity
in testis. The physiological role of CKII in Drosophila is
not well defined, but several well characterized sub-
strates are known, including topoisomerase II [16],
dishevelled, a regulator of the frizzled signal transduc-
tion pathway [17], and the homeobox protein Antenna-
pedia [18].

In the course of carrying out a two-hybrid screen for
proteins that interact with DmCKIIa, we have isolated
multiple cDNAs encoding DmCKIIb. Although homol-
ogous to a previously described b cDNA (Dm98, see

axena et al., 1987), these cDNAs exhibit divergent 59
sequences. To determine the basis of this sequence
heterogeneity, we have isolated and sequenced the b
gene. This analysis demonstrates that the divergent
sequences of the available b cDNAs are derived from
five closely spaced, alternative 59 exons. All five classes
of transcript encode the identical, full-length b sub-
unit, so the alternative exons may reflect developmen-
tal and/or tissue-specific regulation of b gene expres-
sion. We also compare the intron–exon organization of
the Drosophila b subunit gene with that of human [19],
mouse [20], and C. elegans [21].

MATERIALS AND METHODS

Two-hybrid screen for cDNAs encoding DmCKIIb.
The DmCKIIa open reading frame was amplified by
the polymerase chain reaction (PCR) using 59 primer
59-GGGAATTCATGACACTTCCTAGTGCGGC-39 and
39 primer 59-GGGGATCCTTATTGCTGATTATTGG-
GAT-39. The PCR product was digested with EcoRI and
BamHI (underlined sites) and subcloned into the two-
hybrid bait plasmid, pGBT9 (gift of Dr. S. Fields, now
available commercially from Clontech). The resulting
plasmid expresses DmCKIIa as a C-terminal fusion

ith the DNA-binding domain (amino acids 1–147) of
al4. The insert was completely sequenced on an Ap-
lied Biosystems DNA sequencer 373A using the Prism
ye Terminator Cycle sequencing kit and custom
rimers. This plasmid was transformed into yeast
train HF7C [22] by electroporation. The resulting
train was used to screen a Drosophila 3- to 12-h em-
ryo cDNA library (gift of Dr. S. Elledge, Baylor Col-
ege of Medicine) in plasmid pACT, where proteins
re expressed as fusions with the activation domain
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were identified by plating on minimal medium lacking
leucine, tryptophan, and histidine and subsequently
counterscreened for the expression of lacZ, as de-
cribed in the Matchmaker Two-Hybrid System proto-
ol (Clontech). The library plasmid, pACT containing
he yeast nutritional marker LEU2, was selectively
ecovered from His1 and LacZ1 transformants via

complementation of the leucine auxotrophy of Esche-
richia coli HB101. The 59 and 39 end of each cDNA
insert was sequenced on an Applied Biosystems DNA
sequencer 373A, using vector-specific primers, 59-
ATACCACTACAATGGATGATG-39 and 59-ACAGTT-
GAAGTGAACTTGCG-39, respectively.

Isolation of cDNAs encoding DmCKIIb from Uni-
ZAP XR. Two of the two-hybrid clones isolated using
DmCKIIa as bait encode a novel isoform of the b sub-

nit, b9, encoded by a distinct gene [11]. In an effort to
solate additional b9 cDNAs, we screened a Drosophila

3- to 18-h embryo cDNA library (Catalog No. 937602)
in Uni-ZAP XR (Stratagene). Approximately 200,000
plaques were screened at low stringency using the b9
cDNA DmA15 as a probe. Positive clones were con-
verted to plasmid (pBluescript SK2) using the ExAssist
helper phage (Stratagene), essentially as described by
the manufacturer. The clones were subsequently
grouped into classes by restriction analysis. Two clones
encoding the b subunit were isolated in this screen by
virtue of probe crossreactivity. The 59 and 39 end of
both cDNAs was sequenced as described above, using
vector-specific primers, 59-AATTAACCCTCACTA-
AAGGG-39 and 59-GTAAAACGACGGCCAGT-39, re-
spectively.

Isolation of genomic clones encoding DmCKIIb. To
isolate genomic clones encoding DmCKIIb, cDNA clone
Dm98 [10] was labeled by random hexamer priming
(Boehringer-Mannheim Biochemicals) and used to
screen a D. melanogaster genomic library in lambda
gt11 (gift of Dr. J. Wang, Harvard). One clone, DmBG3,
was subcloned into M13mp18, subjected to the nested
deletion procedure of Dale et al. [23], and completely
sequenced on both strands by dideoxy chain termina-
tion sequencing. Although DmBG3 encoded the com-
plete sequence of Dm98, it lacked upstream sequences
present on additional cDNAs isolated in the screens
described above. To obtain additional 59 sequence,
clone Dm98 was used to screen a D. melanogaster
cosmid genomic library (gift of Drs. J. Tamkun and M.
Scott, University of Colorado, Boulder). Positive clones
were mapped using the SfiI-linker mapping strategy
(Promega) following the manufacturer’s instructions. A
6 kb BamHI fragment (DmBG3-4) containing an addi-
tional 2 kb of 59 and 0.1 kb of 39 sequence was sub-
cloned into pBSII-KS1 (Stratagene), and the missing
sequence was obtained on both strands using an Ap-
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plied Biosystems DNA sequencer 373A and custom
primers.

In situ hybridization to polytene chromosomes. In
situ hybridization to polytene chromosomes was car-
ried out essentially as described by Langer-Safer et al.
[24]. Briefly, either cDNA Dm98 or a cosmid clone
containing the b gene was labeled by nick translation
with biotin-dUTP (Bio-Rad Laboratories) and hybrid-
ized at high stringency to salivary gland squashes pre-
pared from third instar larvae of D. melanogaster.
Bound probe was visualized with a streptavidin-
alkaline phosphatase conjugate (Bio-Rad Laborato-
ries). Slides were examined by phase-contrast micros-
copy and photographed at 4003.

ESULTS AND DISCUSSION

Isolation of multiple cDNAs encoding DmCKIIb.
This laboratory previously reported the isolation of two
cDNAs (Dm98 and Dm107) encoding the b subunit of
DmCKII [10]. We have recently conducted a genetic
screen using the yeast two-hybrid system to identify
proteins which interact with the a subunit of DmCKII
[11]. Several clones isolated in this screen encode the b
subunit of DmCKII, and two encode a distinct isoform
of the b subunit, which we call b9 [11]. The isolation of
clones encoding b is consistent with the known tight
association of the a and b subunits within the a2b2

holoenzyme [25]. Three of the b cDNAs (DmA3,
DmA17, and DmA41) contained a full-length open
reading frame as well as significant amounts of 59 and
9 UTR. In an effort to isolate additional cDNAs encod-

ing the novel b9 subunit, we employed the DmA15 b9
cDNA as a probe to screen a Drosophila embryo cDNA
library in Uni-ZAP XR. No new b9 cDNAs were ob-
tained in this low stringency hybridization, but two
additional clones encoding the full length b subunit

FIG. 1. Alignment of cDNAs encoding DmCKIIb. The 59 sequen
wo-hybrid screen (DmA3, DmA17, and DmA41) or from a Uni-ZAP
ligned with the sequence of the previously published DmCKIIb cD
ull except for DmA15-12zap which contains 248 nucleotides upstrea
s common to all of the cDNAs. The deduced amino acid sequence o
mA15-12zap, and DmA15-14zap have been deposited in GenBank w
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(DmA15-12zap and DmA15-14zap) were isolated, pre-
sumably because of crossreactivity with the b9 probe.

Sequence alignment of the five new b cDNAs with
Dm98 revealed that only one of the sequences (Dm15-
12zap) could be fully aligned with Dm98 in the 59 UTR.

ased on the 59 UTR sequences, the six cDNAs could be
lassified into three groups (Fig. 1): class I (Dm98 and
mA15-12zap), class II (DmA3), and class III (DmA15-
4zap, DmA17, and DmA41). We reasoned that the
istinct 59 sequences were unlikely to be artifacts in-

troduced during cDNA synthesis since two of the
groups were represented by multiple cDNAs from two
different libraries. The presence of multiple mRNAs
originating from the b gene of D. melanogaster is
intriguing since the human [19], mouse [20], and
nematode [21] b genes apparently do not exhibit such
behavior.

Structure and expression of the gene encoding
DmCKIIb. To ascertain the source of the divergent 59
sequences, we used clone Dm98 to isolate genomic
clones encoding DmCKIIb. The complete sequence of a
6 kb BamHI fragment (DmBG3-4) was obtained (Fig.
2). Comparison of the available cDNA sequences with
the genomic sequence revealed that the b gene is in-
errupted by 6 introns, five in the protein coding region
nd one in the 59 UTR. Moreover, the 59 UTR se-

quences of all three classes of cDNA identified above
could be unambiguously identified in the genomic se-
quence, indicating that the b gene contains at least
three alternative 59 exons, Ia (class III), Id (class II),
and Ie (class I). Subsequent searches of the Drosophila
EST database in GenBank identified three other infor-
mative b transcripts, one belonging to class III
(AI57689) and two defining two additional upstream
exons, Ib (AI109297) and Ic (AI109634). Only one of the
five upstream exons is present in each of the cDNAs we

of cDNAs encoding the b subunit of DmCKII isolated either in a
embryo cDNA library (DmA15-12zap and DmA15-14zap) have been
, Dm98 [10]. The 59 UTRs sequences of all the cDNAs are shown in
f the 59 end of Dm98. The boxed area corresponds to exon II, which
m98 is indicated by single letter code. The 59 sequences of DmA3,
Accession Nos. AF236850, AF236851, and AF236852, respectively.
ces
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have examined (Fig. 3). None of the alternative 59
TRs contains an upstream ATG codon.
The occurrence of five distinct 59 UTRs in transcripts

f the b gene could be explained either by transcription
from multiple promoters or by alternative splicing, or
by some combination of the two. Alternative splicing of
a single primary transcript provides perhaps the sim-
plest model. One prediction of this model is that tran-
scripts produced by splicing from exons Ib, c, d, or e to
exon II will contain the upstream exon(s) and interven-
ing region(s). As just noted, this was not reflected in
any of the cDNAs we have examined, though of course
it is possible that none of these cDNAs is full-length. In
addition, because several of the spacer regions contain
ATG codons, all transcripts except those spliced from
exon Ia would contain multiple upstream ATGs that
could interfere with translation of the DmCKIIb coding
egion and/or generate N-terminal fusion proteins. An

FIG. 2. Sequence of the gene encoding DmCKIIb. The sequence o
is shown (GenBank Accession No. U52952). Exons identified by com
exons of the b gene indicated by Roman numerals to the right. Th
one-letter code below the DNA sequence. The five alternative 59 exon

onors (GT) and acceptors (AG) are italicized, as are potential match
xons in the interval from 1 to 780 (defined by EST clones AI534094
pstream gene. The spliced transcript contains an open reading fram
ignificant homology to sequences in GenBank.

FIG. 3. Alternative transcripts of the DmCKIIb gene. The struct
top. Boxes depict the exons contained within the b gene, with the fi

he start and stop codons and two poly(A) addition signals, AATAAA
re indicated below the gene. The composite extent of each class is sho
hat extend beyond the 39 genomic BamHI site. Clone DmA41 conta

positions 4657–4658 (Fig. 2). Clone AI109634 contains 11 bp of seque
genomic sequence.
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alternative model invokes five distinct promoters, ac-
companied by obligatory splicing from the donor closest
to the 59 end of each transcript. Although several genes
in Drosophila are known to employ this strategy in the
generation of 59 heterogeneity (e.g., Act5C, Adh, hb;
[26], the alternative 59 exons of DmCKIIb are unusu-
ally close together (maximum separation of 207, 14, 22,
and 51 bp). Moreover, only two consensus TATA ele-
ments are present in the region (at positions 831–838
and 1856–1863), and the first of these lies well up-
stream of the sequenced cDNAs. However, TATA-less
promoters are common in Drosophila [27]. Additional
studies will be required to distinguish the relative con-
tributions of alternative promoter utilization versus
alternative splicing to the observed expression.

With one exception, all of the cDNAs we have se-
quenced exhibit an identical pattern of splicing of ex-
ons II to VII (Fig. 3). The identical splicing of the

6009 bp BamHI fragment (DmBG3-4) containing the DmCKIIb gene
ison with cDNA sequences are shown in uppercase, with the seven
educed amino acid sequence of the b polypeptide is shown in the
f the b gene and two poly(A) addition signals are underlined. Splice
o the Drosophila branch site consensus sequence (CTAAT). The two
I534574, AI534706, and AI294873) are presumed to derive from an
that extends from 2 to 639, but the deduced polypeptide exhibits no

of the 6 kb BamHI fragment containing the b gene is shown at the
lternative 59 exons shaded gray and the open reading frame black.
re indicated. The five classes of cDNA and the clones defining them
. The cross-hatched box indicates 200 bp of sequence in clone DmA17
an alternative splice (dashed line) to an AG dinucleotide located at
beyond the end of exon VI that do not match available downstream
f a
par
e d
s o
es t
, A
e

ure
ve a

, a
wn
ins
nce



coding exons, combined with the absence of upstream

i

s
l
i

d
i

B

l
p

i
c
S
g
o

Vol. 3, No. 5, 2000 MOLECULAR CELL BIOLOGY RESEARCH COMMUNICATIONS
initiation codons in all five classes of cDNA, implies
that the encoded polypeptide remains identical in each
class of transcript. The exception involves alternative
splicing from the donor of exon VI. As illustrated in
Fig. 3, clone DmA41 contains an alternative splice from
exon VI to an AG dinucleotide located at positions
4657–4658 (Fig. 2). This splice is predicted to alter the
b open reading frame, resulting in the replacement of
the last two amino acids (KN*) with a new 19 residue
sequence (FTTGRPIDSNTQQQQQQPH*). The b sub-
units of different species exhibit considerable diver-
gence in both sequence and length of the C-terminal
region [28], so the functional consequences of this
change may be minimal. A second cDNA (AI109634)
exhibited yet a third splice from the same donor (Fig.
3), but the acceptor in this case could not be identified
in available downstream sequence.

Alternative splicing from exon VI may reflect the
poor quality of downstream acceptors. In general, all of
the introns in the b gene exhibited a good match to the
59 splice site, branch point, and 39 splice site consensus
sequences for D. melanogaster, including a G-poor re-
gion between the branch point and the 39 splice accep-
tor [29]. The lone exception was the 39 splice acceptor of
exon VII, which contained a high proportion of G res-
idues upstream of the AG dinucleotide (Fig. 2, residues
4520–4524). The alternative acceptor utilized in clone
DmA41 was also poor, failing to exhibit a reasonable
match to the branch point consensus (YTAAT). It is
possible that there is insufficient evolutionary pressure
on the C-terminal sequence of the b polypeptide to
insure faithful processing in this region of the gene.

The 39 end of DmCKIIb mRNA is also heteroge-
neous. Two potential poly(A) addition signals,
AATAAA, are located downstream of the open reading
frame in the available genomic sequence (Fig. 3). The
more distal of these appears to be used, as clone Dm107
[10] contains a poly(A) stretch beginning 22 nucleo-
tides downstream of this signal. We have no data
which would indicate use of the proximal signal. In
addition, one clone, DmA17, extends approximately
200 bp downstream of the BamHI site, consistent with
the existence of at least one more poly(A) addition
signal distal to the 39 end of DmBG3-4 (additional
introns distal to this site may exist as well).

The diversity of mRNAs derived from the CKIIb
gene, particularly the existence of alternative 59 UTRs,
s currently unique to Drosophila. What function might

this complexity serve? Since the alternative 59 exons
are not predicted to affect the encoded polypeptide,
generation of alternative b subunit isoforms does not
appear to provide a rationale. Two possibilities suggest
themselves. First, the distinct 59 UTRs might alter
ome property of the message, for example its stability,
ocalization, or translation efficiency. Second, the var-
ous isoforms may be expressed in a tissue- and/or
288
evelopmental stage-specific manner. Additional stud-
es will be required to address these possibilities.

In situ hybridization to polytene chromosomes.
oth cDNA and cosmid probes were used to localize the

b gene to 10E1,2 on the X-chromosome (Fig. 4). The
white gene, present in the cosmid vector, served as an
internal control for hybridization to a single locus (the
expected hybridization of the white gene was observed
at 3C2; data not shown). The single site of hybridiza-
tion observed for the b gene is consistent with South-
ern data indicating that the b gene is single-copy [10].

Phylogeny of the intron–exon organization of the b
gene. The intron–exon structure of the b gene is iden-
tical between mouse and humans [20] and well con-
served between C. elegans and humans [19]. A compar-
ison of the intron–exon organization of the C. elegans,
Drosophila, and human b genes and Drosophila Stel-
ate is shown in Fig. 5A. The location of three introns is
recisely conserved (to the base pair) in all three b

genes, strongly suggesting that these introns were
present in the common ancestor of all three species. A
fourth intron (between exons II and III) is precisely
conserved in two of the three species (Drosophila and
humans) but not in the third (C. elegans). While it is
formally possible that intron sliding accounts for the
altered position of this intron in C. elegans, current
data suggest that intron sliding is rare or nonexistent
[30]. Two reasonable possibilities remain: either the
intron was present in the common ancestor of all three
species, in which case intron loss (and gain) explains
the pattern observed in C. elegans, or it was acquired
after the divergence of C. elegans from the lineage
leading to Drosophila and humans. The latter is the
more parsimonious mechanism, as it requires one less

FIG. 4. Cytological location of the DmCKIIb gene. In situ hybrid-
zation to polytene chromosomes was carried out using a biotinylated
DNA probe (Dm98) as described under Materials and Methods.
lides were examined under phase contrast microscopy and photo-
raphed at a magnification of 4003. The hybridizing band at 10E1-2
n the X chromosome is indicated by the arrowhead.
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intron gain or loss (two versus three), but it also re-
quires that nematodes be an outgroup of insects and
vertebrates. Although this is the traditional phylogeny,
several recent studies indicate that vertebrates may be
the outgroup, and the matter remains unresolved [31].

In addition to the shared introns, each of the b genes
contains one unique intron in the protein coding region
(between exons II and III in C. elegans, exons VI and
VII in Drosophila, and exons IV and V in humans and

ouse). Again, the most parsimonious explanation is
hat each intron was acquired in the line that currently
ontains it. Each gene also contains a uniquely posi-
ioned intron in the 59 untranslated region. These may
eflect independent acquisitions in each line, but in a
egion of so little sequence constraint it is not possible
o eliminate the possibility of an ancestral intron
hose position has been altered by small deletions or

nsertions between the intron and the start codon. Fi-
ally, Stellate (Fig. 5A) as well as the Su(Ste) genes
nd SSL [14] share one intron in common with the b

FIG. 5. Intron–exon organization of the CKIIb gene. (A) Compari
Accession No. M73827), D. melanogaster (U52952), H. sapiens (X571
and designated by Roman numerals, and the open reading frame is sh
positions, and the numbers in parentheses separating the various ex
the Drosophila gene, the latter numbers represent the distance to the
whose position is conserved among the various genes. Exons are dra
slash). (B) Structural features of DmCKIIb. The N-terminal autoph

egions of the protein encoded by exons II–VII and the two doma
ndicated below the figure. Numbers represent amino acid positions
289
subunit gene. The likely evolution of these genes from
the b subunit via a mechanism involving reverse tran-
scription has been discussed [14].

A schematic representation of the exon organization
of the Drosophila b subunit relative to important struc-
tural features of the protein is shown in Fig. 5B. As
noted in the introduction, X-ray crystallography of the
human b subunit has revealed two structural domains:
domain I, residues 5–104, and domain II, residues 105–
161 [9]. Although an intron does lie near the junction of
these two domains in human b (between residues 97
and 98), its absence in both Drosophila and C. elegans
uggests that it may be of recent origin. Of the three
hylogenetically conserved introns, one interrupts do-
ain I (within the acidic region), and a second inter-

upts domain II, separating the two halves of the zinc-
inding motif (CPxxxC and CPxC). The third
onserved intron lies downstream of domain II in a
egion involved in a-b heterodimerization and CKII

oligomerization [9]. The possible relationship of this

of the intron–exon structure of the b gene from C. elegans (GenBank
, and D. melanogaster Stellate (X15899). Exons are drawn as boxes
n in black. The numbers above each coding exon indicate amino acid
s correspond to the intron size in bp. For the alternative 59 exons of
lice acceptor site of exon II. Shaded parallelograms represent introns

to scale except for exon VII of Drosophila (indicated by the double
horylation site, acidic region, and zinc-binding motif are indicated.
defined by X-ray crystallography of the human b subunit [9] are
son
52)
ow
on
sp
wn
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rently indeterminate because the site of this intron lies
just beyond the region represented in the X-ray struc-
ture. Overall, the available data suggest a relatively
poor correlation between known structural domains
and ancestral intron locations.

The evolutionary origins of introns continues to be a
topic of considerable debate, the two extreme views being
denoted as “introns-early” and “introns-late” [30, 32]. The
available data on CKII b appear to favor the “introns-
ate” theory. The positions of the first two phylogeneti-
ally invariant introns exhibit no obvious correlation
ith the domain organization of the b polypeptide, and

considerations of parsimony suggest that there have been
at least three instances of recent intron acquisition (since
the last common ancestor of nematodes, insects, and ver-
tebrates). Nevertheless, the available data cannot ex-
clude the possibility that one or more of the introns is of
ancient origin and played a role in exon shuffling to
assemble the ancestral b gene. The third conserved in-
tron and/or the unique human intron may fall into the
latter category. Sequencing of additional b subunit or-
thologs and paralogs should further clarify the evolution-
ary history of this gene.
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