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Abstract In this study we report that phosphatidylinositol 3-
kinase (PI 3-kinase), a lipid kinase which participates in
downstream signalling events of heterotrimeric G protein-
coupled receptors and receptor tyrosine kinases, contains a high
affinity binding site for calmodulin (CaM). The putative CaM-
binding peptide derived from the p110y isoform interacts with
CaM in a calcium-dependent way. Using gel shift analysis and
fluorescence spectrophotometry we discovered that the peptide
forms a high affinity complex with CaM. Titration experiments
using dansylated CaM gave an affinity constant of 5 nM.
Furthermore, a sequence comparison among different PI 3-
kinase isoforms revealed that the sequence which can bind CaM
is highly conserved within different PI 3-kinase isoforms. These
results indicate a novel mechanism for regulating PI 3-kinase and
provide a new direct link between Ca?* and phospholipid
signalling pathways.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

Calcium and its principal receptor calmodulin (CaM) are
important signalling molecules. Ca?*/CaM is involved in mul-
tiple processes such as mitogenesis, cell growth, differentiation
and apoptosis [1]. However, molecular mechanisms of Ca?*/
CaM-regulated growth and death pathways are poorly under-
stood. We and others have recently described that members of
a novel subgroup of ras-related GTP-binding proteins bind
CaM with high affinity and in a Ca’*-dependent manner
[2,3]. We have extended our efforts to identify signalling mol-
ecules which are CaM targets. In this study we show evidence
that phosphatidylinositol 3-kinase (PI 3-kinase) is a putative
CaM target.

PI 3-kinase is a lipid kinase capable of phosphorylating
phosphoinositides at the 3’ position. PI 3-kinases are acti-
vated upon stimulation of cells with growth factors and ago-
nists which transmit their signals through either tyrosine kin-
ase receptors or heterotrimeric G proteins. Several variants of
PI 3-kinases have been cloned and characterised [4,5]. Heter-
odimeric PI 3-Ko and PI 3-Kp, consisting of pl10 catalytic
subunits and different p85 adaptor molecules, are regulated by
receptors with tyrosine kinase activity. Another PI 3-kinase
isotype, termed PI 3-K pl110y, can be activated in vitro by
both o and Py subunits of heterotrimeric G proteins but
does not interact with p85 [6-8]. The role of PI 3-kinase fam-
ily members in growth- and survival-related signalling has
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only been discovered recently. Interestingly, mutations in a
PI 3-kinase gene of Caenorhabditis elegans cause a threefold
increase in the lifespan [9]. A retrovirus-encoded PI 3-kinase
was found to cause haemangiosarcomas in chickens and to
transform fibroblasts [10] Various downstream effector targets
of PI 3-kinase activity have been identified, including the ser-
ine-threonine kinase PKB/Akt and GRP1 [11-13]. PKB/Akt
participates in the activation of the p70 ribosomal protein S6
kinase (p705%%). Moreover, PKB/Akt provides a survival sig-
nal that protects cells from apoptosis induced by various
stress signals in several cell types [14-16].

To understand the cross-talk between the Ca?*/CaM and
the ras or other growth- or death-signalling pathways in more
detail we are specifically looking for potential CaM-binding
motifs in molecules which participate in important signal
transduction pathways. In this study we show evidence that
PI 3-kinase is a target for Ca>*/CaM.

2. Materials and methods

2.1. Materials

The peptide L-A-R-F-L-L-K-R-G-L-R-N-K-R-I-G-H-F-L-F-W-F-
L-R-S corresponding to residues 677-700 of the reported PI 3-kinase
pl10y sequence [6] was purchased from Anawa, Switzerland. The
peptide was 70% pure as measured by mass spectrometry. The peptide
was purified by reverse-phase HPLC on a Sephasil C8 column (4.6/
100 mm). Buffer A was 0.1% TFA in water, buffer B was 0.1% TFA in
50% acetonitrile. The peptide was eluted using a linear gradient from
100% buffer A to 100% buffer B. The purity of the peptide was con-
firmed by amino acid analysis and mass spectrometry. Dansylcal-
modulin was purchased from Sigma.

2.2. Fluorescence measurements

Fluorescence measurements were performed with a Shimadzu fluo-
rescence spectrophotometer RF-5301PC as described by Fischer et al.
[2]. The concentration of the peptide was determined by amino acid
analysis. The affinity constant of the PI 3-kinase peptide was calcu-
lated according to the method of Stinson and Holbrook [17].

2.3. Gel electrophoresis in the presence of urea
Gel shift analyses of PI 3-kinase peptide/CaM complexes were per-
formed according to [18].

3. Results and discussion

The amino acid sequences of several recently discovered
signal transduction molecules were compared with those of
known high affinity CaM-binding proteins. We have searched
for amino acid sequences which match the described structur-
al features of known CaM-binding motifs [19,20]. We discov-
ered that the lipid kinase PI 3-kinase (p110y) contains a pu-
tative sequence which matches the described features of
typical CaM-binding peptides. The CaM-binding motif gen-
erally has a hydrophobic/basic amino acid composition with a
propensity to form an amphiphilic helix and frequently con-

0014-5793/98/$19.00 © 1998 Federation of European Biochemical Societies. All rights reserved.

PIIS0014-5793(98)00225-7



176
plloy 677 ARFLLEKRGTL
plioo 650 VR FLLEKEKAL
pl10f 657 SRFLLERAL
p110d 630 TK FLLDRAL
Kir/Gem 267 RRFWGK I VA
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KRIGHFLFWEFILRS 700
QRIGHFFFWHTLIE KS 673
RRIGQFLVFWHTLTRS 680
RKIGHFLFWHLR RS 653
NKNMAFKLIZEKSKSC 290
SRKMAFRAKS SEKSC 263
NRIQTQIRVVNATF 1124
RAIGRLSSMAMTIS 496

Fig. 1. Alignment of the putative CaM-binding sequences in PI 3-kinase isoforms with known CaM-binding proteins. The putative CaM-bind-
ing sequences of PI 3-kinases are aligned with the known CaM-binding domains of Kir/Gem, Rad, the Ca*"-pumping ATPase and smooth
muscle myosin light chain kinase. The locations of conserved hydrophobic residues are shown in bold.

tains an aromatic residue at the N-terminus of the domain
[20]. In addition, two aromatic and/or long chain aliphatic
residues are often separated by 12 amino acid residues. Fig.
1 shows the putative CaM-binding region of PI 3-kinase p110y
and the highly related sequences in the o, B o and & isoforms
and for comparison the recently described ras-related Kir/
Gem [2] and the well characterised CaM-binding domains of
the Ca?*-pumping ATPase and smooth muscle myosin light
chain kinase.

We have synthesised a peptide corresponding to amino acid
residues 677-700 of the reported PI 3-kinase pl110y sequence
(Fig. 1). We first tested whether the putative CaM-binding
domain of PI 3-kinase is able to bind CaM by the band shift
assay in urea gels. Non-denaturing gel electrophoresis in the
presence of 4 M urea revealed that the PI 3-kinase peptide
bound to CaM and induced a shift of the complex in the
presence of 0.1 mM CaCl, (Fig. 2A). Since two shifted bands
with different mobilities were found, it is possible that the
CaM/peptide complex has two different conformations. At a
1:1 peptide/CaM ratio CaM was almost quantitatively found
in a shifted complex. This indicates a peptide/CaM interaction
with a 1:1 stoichiometry. Addition of 2 mM EGTA com-
pletely abolished complex formation indicating that the inter-
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Fig. 2. Urea gel shift analysis. Gel shift analyses of PI 3-kinase pep-
tide with CaM were performed according to [15]. Slab gels of 12%
acrylamide, 4 M urea, 0.375 M Tris-HCl, pH 8.8 and 0.1 mM
CaCly (A) or 2 mM EGTA (B) were run at a constant current of
25 mA. All lanes contain 200 pmol CaM. Lane 1, CaM alone; lane
2, plus 100 pmol of peptide; lane 3, plus 200 pmol of peptide; lane
4, plus 400 pmol of peptide.

action of PI 3-kinase with CaM was Ca?"-dependent (Fig.
2B).

The interaction of PI 3-kinase with CaM was also studied
using fluorescence spectrophotometry. As shown in Fig. 3,
titration of dansylcalmodulin with the PI 3-kinase peptide
saturated in the nanomolar concentration range in the pres-
ence of 0.1 mM CaCl,. The maximum in the emission spec-
trum of the binding peptide underwent a shift to a lower
wavelength and an increase in intensity upon complex forma-
tion with dansylcalmodulin. No increase in intensity and shift
of the spectrum was observed in control experiments (peptide
alone plus calcium, dansylcalmodulin plus calcium, peptide
and dansylcalmodulin in the presence of EGTA, data not
shown).

The PI 3-kinase peptide bound CaM with an affinity con-
stant of 5 nM as determined by titration experiments with
dansylcalmodulin (Fig. 4). The plot of relative fluorescence
versus the molar ratio of PI 3-kinase to dansylcalmodulin is
shown. This is well in the range of known high affinity CaM-
binding proteins such as the Ca?*-pumping ATPase or
smMLCK. Both proteins bind CaM with affinity constants
in the nanomolar range.

Recently it has become clear that PI 3-kinases form a large
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Fig. 3. Direct interaction of CaM with the PI 3-kinase pl110y pep-
tide. Emission spectrum of dansylcalmodulin after complex forma-
tion with the PI 3-kinase peptide. Dansylcalmodulin (50 nM) was
treated with 30 nM peptide in the presence of 100 uM calcium in
20 mM HEPES, pH 7.2, 130 mM KCI. Excitation was performed
at 340 nm. Binding of PI 3-kinase peptide to dansylcalmodulin re-
sults in fluorescence enhancement and a blue shift.
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Table 1
Comparison of the full length and CaM-binding sequences of o, B, vy and & isoforms of PI 3-kinases

pl10o pl10B p1108

CaM peptide Protein CaM peptide Protein CaM peptide Protein
pli0y 70 (78) 36 (47) 71 (75) 36 (48) 70 (83) 36 (48)
pl10a 70 (78) 43 (53) 65 (83) 42 (52)
pl10B 70 (86) 59 (67)

Values are given in % identity (values for % similarity are given in parentheses).
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Fig. 4. Determination of the affinity constant for the interaction be-
tween CaM and the PI 3-kinase pll0y peptide. Dansylcalmodulin
(140 nM) was titrated with the PI 3-kinase peptide in the presence
of 100 uM Ca®*. The data points were recorded, and the fractional
degree of saturation of dansylcalmodulin was calculated. The plot
of 1/(1—o) against the free concentration (nanomolar) of the peptide
divided by o results in a straight line if a 1:1 complex is formed
and the titration end point is correctly estimated. The reciprocal of
the slope gives the affinity constant. The affinity constant was calcu-
lated according to [17]. The calculated Ky is 5 nM.

family of important signalling enzymes which act downstream
of either heterotrimeric G protein-coupled receptors or tyro-
sine kinase receptors. Interestingly, a comparison of the differ-
ent PI 3-kinase isoforms revealed that the putative CaM-bind-
ing domain of p110y is highly conserved in o and B isoforms
of PI 3-kinases (see Fig. 1). Whereas o, B and 8 isoforms have
an average identity/similarity of 42%/53%, it is 69%/80% in
the putative CaM-binding domain (Table 1). That the puta-
tive CaM-binding sequence is highly conserved within the
different isoforms suggests that CaM might regulate or mod-
ulate the lipid kinase activity of all PI 3-kinase family mem-
bers. The finding that the used peptide derived from pl110y is
able to bind CaM with high affinity and in a Ca’*-dependent
manner suggests that o, B and 8 isoforms of PI 3-kinases also
are targets for Ca?t/CaM. Evidence that PI 3-kinases are in-
deed targets for Ca?t/CaM has recently been reported by
Jojal et al. [21]. These authors describe that CaM binding to
p85 activates PI 3-kinase. Interestingly, they mapped the
CaM-binding domain within the Src homology 2 domain
(SH2) of the regulatory subunit p85 using a CaM-Sepharose
‘pull down’ assay, though without showing the precise CaM-
binding sequence. The putative CaM-binding peptide in our
study, however, has been derived from the catalytic subunit of
pl10y. The sequence lies in the so-called PIK or homology

region 2 (HR2) domain which is located N-terminal of the
kinase core domain [22]. Taken together these results indicate
that additional mechanisms of regulation of PI 3-kinases exist
and that PI 3-kinases interconnect with Ca?*/CaM signalling
pathways within cells.
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