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Molecular Cloning and Expression of a Complementary
DNA for Inositol 1,4,5-Trisphosphate 3-Kinase

Kwan Yong CHOI1, HA KUuN KiM, SANG YEOL LEE,*
Kyung Ho MooN,T SANG Soo SiM, JAE WonN Kim,
Hone Keun CHUNG, SUE Goo RHEET

A complementary DNA (cDNA) clone that encodes inositol 1,4,5-trisphosphate 3-
kinase was isolated from a rat brain cDNA expression library with the use of
monoclonal antibodies. This clone had an open reading frame that would direct the
synthesis of a protein consisting of 449 amino acids and with a molecular mass of
49,853 daltons. The putative protein revealed a potential calmodulin-binding site and
six regions with amino acid compositions (PEST regions) common to proteins that are
susceptible to calpain. Expression of the cDNA in COS cells resulted in an approxi-
mately 150-fold increase in inositol 1,4,5-trisphosphate 3-kinase activity of these cells.

4,5)Ps], a product of phospholipase C

activity on phosphatidylinositol 4,5-bis-
phosphate, is metabolized through two sep-
arate pathways: sequential dephosphoryla-
tion to inositol or phosphorylation to inosi-
tol 1,3,4,5-tetrakisphosphate [I(1,3,4,5)P4]
(1-3). 1(1,4,5)P;3 is a second messenger and
releases Ca®* from vesicular, nonmitochon-
drial intracellular stores by binding to a
specific receptor (4). I(1,3,4,5)P, also ap-
pears to be a second messenger and seems to
function synergistically with I(1,4,5)P; in
the control of Ca®* homeostasis by regulat-
ing the transfer of Ca?* from the I(1,4,5)Ps-
insensitive pool to the I(1,4,5)Ps-sensitive
pool (3, 5, 6). Although preliminary, the
1(1,4,5)P5-1(1,3,4,5)P, “duet” model can
explain many complex, and sometimes
seemingly contradictory, experimental re-
sults (3, 7). Therefore, I(1,4,5)P; 3-kinase
(IP3K), which catalyzes the adenosine tri-

INOSITOL 1,4,5-TrisPHOSPHATE [I(1,
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phosphate (ATP)—dependent phosphoryl-
ation of 1(1,4,5)P; to I(1,3,4,5)P4, not only
provides an important branch point in the
pathway of inositol phosphate metabolism,
but also occupies a central position in regu-
lating the availability of two Ca’*-mobiliz-
ing second messengers.

Consistent with such a central role, IP3K
appears to be the target of multiple cellular
regulatory mechanisms. IP3K activity in rat
brain increases 14-fold during development
from fetus to adult (8) as a result of an
increased synthesis of enzyme (9). IP3K is a
Ca’*-calmodulin—dependent enzyme (10—
13) and may be modulated by protein kinase
C (14). IP3K may also be a target of protein-
tyrosine kinases, because IP3K activity in-
creased by six- to eightfold in v-sre—trans-
formed cells (15).

IP3K has been purified from rat (11) and
bovine (12) brains and from pig aortic
smooth muscle (13), and its activity has been
associated with polypeptides of 93,000 (13),
53,000 (11), 52,000 (12), 38,000 (12), and
35,000 daltons (12). These results could be
due to the presence of multiple isozymes or
to limited proteolysis. Inherent problems in
studies on IP3K are its low concentration in
tissues and its low recovery during purifica-
tion. We have now isolated a cDNA clone
that encodes IP3K.

A cDNA library was prepared from rat

brain total polyadenylated [poly(A)*] RNA
with the use of the Agtll vector system.
Recombinant phages were screened with a
mixture of ten monoclonal antibodies to the
53-kD IP3K from rat brain (16). Nine im-
munologically positive clones were isolated
from about 1 X 10° transformants. The two
longest inserts, pIP3K-I (1.85 kb) and
pIP3K-II (2.15 kb), were then completely
sequenced (17). The 1853-bp pIP3K-I has
one open reading frame and carries coding
sequences for all 17 tryptic peptides that had
been isolated from the 53-kD IP3K from rat
brain (18). This reading frame contains two
methionine codons (at nucleotide positions
—27 and +1) upstream of the amino acid
sequence determined by direct analysis of a
tryptic peptide. The ATG triplet of nucleo-
tide residues +1 to +3 is likely to be the
translational start site because the sequence
immediately surrounding it (CGGGC-
ATGG) better matches the Kozak consensus
sequence (19) CC(8)CCATGG than does
that surrounding the ATG triplet at nucleo-
tide residues —17 to —25 (GGGAGATGA).
Attempts to identify the amino acid se-
quence at the NH,-terminus of the protein
directly from purified 53-kD IP3K by Ed-
man degradation failed because of blockage
by an unidentified modifying group (20). A
translational termination codon (TGA) oc-
curs in-frame after codon 1350, which speci-
fies arginine. The 5’ noncoding region is 72
bp long and rich in G and C residues. The 3’
noncoding region is 378 bp long, excluding
the poly(A) tail, and contains an AATAAA
polyadenylation signal 13 bp upstream from
the poly(A) tail. Thus, pIP3K-I would en-
code a mature protein of 449 amino acids
with a calculated molecular mass of 49,853
daltons (Fig. 1).

The complete sequence of pIPK-II (20)
revealed that the 3' 1472 nucleotides were
identical to the 3'-end nucleotides of
pIP3K-I. However, the 683 nucleotides at
the 5’ end did not contain any sequences
corresponding to the amino acid sequence
of IP3K tryptic peptides and contained mul-
tiple stop codons. This suggests that pIP3K-
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1 MARPRGAGPCSPGLERAPRRSVGELRLLFE
31 ARCAAVAAAAAAGEPRARGAKRRGGQVPNG

61  LPRAAPAPVIPOLTVISEEDVAPASPGPPD

91  REGNWLPAAGSHLQOPRRLSTSSLSSTGSS

121  SLLEDSEDDLLSDSESRSRGNVQLETSEDV
151 GQKSHWOKIRTMVNLPVMSPFKKRYSWVQL
181 AGHTGSFKAAGTSGLILKRSSEPEHYCLVR
211 LMADVLRGCVPAFHGVVERDGESYLOLODL
241 LDGFDGPCVLDCKMGVRTYLEEELT

271  PKLRKDMYKKMLAVDPEAPTEREHAQRAVT
301 KPRYMOWREGISSSTTLGFRIEGIKKADGS
331  CSTDFKTTRSREQVTRVFEEFMOGDAEVLK
361 RYLNRLQQIRDTLEISDFFRRHEVIGSSLL
391 FVHDHCHRAGVWLIDFGKTTPLPDGQILDH
421 RRPWEEGNREDGYLLGLDNLIGILANLAER

Fig. 1. Deduced amino acid sequence of IP3K
from rat brain. Amino acid sequences correspond-
ing to tryptic peptides are underlined with solid
lines. Sequences constituting the pro, calmo-
dulin-binding domain are boxed. The PEST re-
gions flanked by positive amino acids (histidine,
lysine, or arginine) are indicated by dashed lines
over them. For abbreviations of the amino acids
see (29). The GenBank accession number assigned
to this sequence is M29787.

II was derived from a premature mRNA still
containing an intron.

To investigate whether pIP3K-I was able
to encode a functional enzyme, we sub-
cloned this cDNA into the expression vector
pCD-PS, thus forming the recombinant
plasmid pCD-PS-IP3K (21). COS 7 cells
were transfected separately with pCD-PS—
IP3K and pCD-PS, the latter as a control,
and crude extracts of the transfected cells
were assayed for both IP3K enzyme activity
and the presence of immunoreactive poly-
peptides after separation by SDS—polyacryl-
amide gel electrophoresis.

The specific activity of IP3K in the cyto-
_solic fraction of pCD-PS—IP3K—transfected
cells was 6.1 nmol min~"! per milligram of
protein (22). This value was about 150 times
that of the specific activity of 0.04 nmol
min~! per milligram of protein in control
cells. Protein immunoblot analysis (Fig. 2)
indicated that pDC-PS-IP3K-transfected
cells contained larger amounts of 53-kD
immunoreactive polypeptides that corre-
spond to authentic IP3K purified from rat
brain. An immunoreactive band was barely
visible in control cells. Northern blot analy-
sis of poly(A)* mRNA from rat brain was
also performed. A single transcript of 1.8 kb
was detected (Fig. 3), a size similar to that of
pIP3K-I cDNA.

A search of the National Biomedical Re-
search Foundation protein database did not
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reveal any sequences significantly homolo-
gous to the predicted amino acid sequence
of pIP3K-I. Recently, Furuichi et al. (23)
cloned and sequenced cDNA corresponding
to a 250-kD receptor for I(1,4,5)P; from
mouse brain. The fact that both the receptor
and IP3K bind I(1,4,5)P; sclectively with
high affinities [dissociation constants: 0.08
wM for the receptor (23) and 0.2 pM for
IP3K (11)] prompted us to look for possible
consensus sequences for the I(1,4,5)P;-
binding site. Instead of an extensive ho-
mologous domain, several short regions of
homology were found (Fig. 4). The recog-
nition sites for small molecules often consist
of several distantly separated motifs. For
example, a guanosine diphosphate (GDP)—
binding site in guanine nucleotide-binding
proteins contains at least five conserved re-
gions that are separated by sequences of
variable lengths (24). Consensus sequences
recognizing « and B phosphates of GDP
are, respectively, Gly-X,-Gly-Lys and Asp-
X-X-Gly (where X is any amino acid), and
these two sequences are separated by 150 to
270 amino acids.

IP3K is activated by calmodulin and
binds tightly to calmodulin—affinity gel in a
Ca?*-dependent manner (10-13). The cal-
modulin recognition sequences have been
identified in many calmodulin-binding pro-
teins (25). Although there is no obvious
consensus sequence at the level of primary
structure, comparison of secondary struc-
ture suggests that the sequences generally
contain a number of basic amino acids that
are interspersed with hydrophobic residues,
such that when folded into helical confor-
mations, the positively charged and hydro-
phobic amino acids segregate onto opposite

sides of the helix. Eighteen amino acid °

residues at positions 267 to 284 of IP3K
(boxed in Fig. 1) satisfy these features.
Secondary structure predicted by Micro-

Fig. 2. Immunoblotting of
IP3K from pCD-PS-IP3K~—
transfected COS cells. COS
7 cells were transfected with
cither pCD-PS or pCD-PS-
IP3K as described (21). Pro-
tein (40 pg) from pCD-PS-
transfected cell (lane
1) or from pCD-PS-IP3K~
transfected cell lysate (lane 2) and 60 ng of
purified IP3K from rat brain (lane 3) were sepa-
rated on a SDS~12% polyacrylamide gel. Proteins
were clectroblotted onto nitrocellulose mem-
branes and probed with a mixture of ten mono-
clonal antibodies to rat brain IP3K. Finally, the
antibody-IP3K complex was stained with alkaline
phosphatase—conjugated goat antibody to mouse
immunoglobulin G and the chromogenic sub-
strate mixture of 5-bromo-4-chloro-3-indolyl-
phosphate and nitroblue tetrazolium (Ki

and Perry Laboratories, Inc.). The positions of
53- and 40-kD species are indicated.

Fig. 3. Northern blot analysis
of poly(A)* mRNA from rat
brain. Poly(A)* mRNA (1.5
ng) was purified from rat brain
by the standard guanidine thio-
cyanate—cesium chloride meth-
od, separated on a 1% agarose
gel containing 50% formamide,
and blotted onto nitrocellulose
membrane. The nitrocellulose
was hybridized with a 32P-la-
beled, single-stranded DNA
probe that was prepared by
nick-translation of pIP3K-I.
The membrane was hybridized
with the probe at 42°C in 50%
formamide, 5% Denhardt’s so-
lution, 0.1% SDS, and calf thy-
mus DNA (100 pg/ml) for 15
hours, washed at 42°C in 1x
SSPE [150 mM NaCl, 10 mM
NaH,PO,, and 1 mM EDTA
(pH 7.4)] and 0.2% SDS for 30
min, and autoradiographed at
—70°C for 22 hours. Arrow-
heads indicate the size in kilobases of glyoxal-
treated RNA size markers (Bethesda Research
Laboratories).

- 0.24

genie software shows there is a high proba-
bility that the peptide will form an a helix.
When represented as a helical wheel of 18
amino acids with 3.6 residues per helical
turn (Fig. 5), four adjacent positively

ed amino acids lic on one side of the
helix while the opposite side contains three
hydrophobic amino acids.

Wang et al. (26) recognized that calmodu-
lin-binding proteins are generally sensitive
to the Ca?*-dependent neutral protease, cal-
pain. They noted that with only one excep-
tion all calmodulin-binding proteins report-
ed up until recendy are susceptible to cal-
pain, despite the fact that calpain has a
narrow range of substrate specificity and
many proteins are calpain-resistant (27).
They (26) also noticed that most calmodu-
lin-binding proteins contain one or more
“PEST sequences™ (28), which are regions
enriched in proline, glutamic acid, aspartic
acid, serine, and threonine. The proposed
rationale for the connection between the
presence of PEST sequences and calpain
sensitivity is that because the glutamate and
aspartate residues are both negatively
charged and serine and threonine are poten-
tial sites for phosphorylation, the PEST
sequences would produce negatively
charged regions that may bind Ca?*. In
turn, this local Ca?* concentration may acti-
vate calpain (28). The “strength® of PEST
sequences is cvaluated by PEST scores,
which can theoretically range from —45 to
+50 (26). PEST regions are divided into
two groups: a strong region with a PEST
score larger than 0 and a weak region with a
PEST score between 0 and —5.

Six PEST regions (indicated by dashed
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Fig. 4. Comparison of IP3K 6

amino acid sequences of

IP3K and the I(1,4,5)P; IP3R 1760
receptor  (IP3R) (23).
Pairs of identical amino
acids are connected by IP3K 74
vertical solid lines and 1P3R 1755
dots are used for con-
served pairs. Residue
numbers are shown on  1pP3K 260
the left. For abbrevia-
tions of the amino acids  1P3R 495
see (29).
IP3K 264
IP3R 1846

Fig. 5. A helix wheel representation of amino acid
residues 267 to 284 (numbered here 1 to 18) of
IP3K reveals amphipathic secondary structures
common to other calmodulin-binding proteins.
For abbreviations of the amino acids see (29).

lines over these regions in Fig. 1) were
found in the deduced amino acid sequence
of IP3K: four strong regions are located at
amino acid residues 64 to 90 (+0.3), 109 to
136 (+17.1), 230 to 252 (+1.6), and 258
to 265 (+1.6) and two weak regions are at
residues 281 to 293 (—2.9) and 309 to 319
(—3.9), the numbers in parentheses indicat-
ing PEST scores. IP3K should therefore be
a good substrate for calpain and be cleaved
at multiple sites. Indeed, this appears to be
so. IP3K purified from rat brain exhibits at
least seven intense protein bands (three
bands of ~53 kD, two bands of ~40 kD,
and two bands of ~31 kD) on SDS-poly-
acrylamide gels even when protease inhibi-
tors such as phenylmethylsulfonyl fluoride
and leupeptin are included at each purifica-
tion step. As monoclonal antibodies to the
53-kD enzyme recognize all seven bands,
the four polypeptides with molecular sizes
of 40 and 31 kD must be degradation
products of the 53-kD enzyme. Subsequent-
ly, we found that addition of the calpain
inhibitor N-acetyl-leucyl-leucyl-norleucinal
improves the recovery of IP3K and results in
an IP3K preparation that contains mainly
three 53-kD polypeptides and a minor 40-
KD polypeptide (Fig. 2, lane 3.) Lysate from
COS 7 cells harboring pCD-PS-IP3K,
freshly prepared in the presence of various
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protease inhibitors, including the calpain
inhibitor, also contains three 53-kD bands
and one faint 40-kD band (Fig. 2, lane 2).
Previously, Takazawa et al. (12) showed that
IP3K preparations from bovine brain con-
tain three polypeptides of 52,000, 38,000,
and 35,000 daltons, respectively, and each
of these exhibits calmodulin-dependent
IP3K activity. Our current data suggest the
two smaller proteins might be derived from
the 52-kD enzyme by calpain.

Calpain-dependent cleavage of IP3K may
have a physiological role in controlling
IP3K activity and might be regulated by
various protein kinases. A consensus se-
quence for adenosine 3',5’-monophosphate
(cAMP)—dependent protein kinase, Arg-
Arg-X-Ser, is present near the COOH-ter-
minal of the strong PEST region at amino
acid residues 109 to 136.
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