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Synopsis

NTT (N-terminal tags) on the catalytic (p110) sub-unit of Pl 3-K (phosphoinositol 3-kinase) have previously been shown
to increase cell signalling and oncogenic transformation. Here we test the impact of an NT (N-terminal) His-tag on
in vitro lipid and protein kinase activity of all class-1 Pl 3-K isoforms and two representative oncogenic mutant forms
(E545K and H1047R), in order to elucidate the mechanisms behind this elevated signalling and transformation
observed in vivo. Our results show that an NT Histag has no impact on lipid kinase activity as measured by
enzyme titration, kinetics and inhibitor susceptibility. Conversely, the NT His-tag did result in a differential effect
on protein kinase activity, further potentiating the elevated protein kinase activity of both the helical domain and
catalytic domain oncogenic mutants with relation to p110 phosphorylation. All other isoforms also showed elevated
p110 phosphorylation (although not statistically significant). We conclude that the previously reported increase in
cell signalling and oncogenic-like transformation in response to p110 NTT is not mediated via an increase in the
lipid kinase activity of Pl 3-K, but may be mediated by increased p110 autophosphorylation and/or other, as yet
unidentified, intracellular protein/protein interactions. We further observe that tagged recombinant protein is suitable
for use in in vitro lipid kinase screens to identify Pl 3-K inhibitors; however, we recommend that in vivo (including
intracellular) experiments and investigations into the protein kinase activity of Pl 3-K should be conducted with
untagged constructs.
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INTRODUCTION

activation (tyrosine kinase or GPCR) the class 1 PI 3-kinases
phosphorylate the hydroxyl on the 3’ position of the inositol
ring in PtdIns (phosphatidylinositol) lipids principally generat-
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The class 1 phosphoinositide 3-kinases [PI 3-K (phosphoinos-
itol 3-kinase)] are heterodimers consisting of an 85 kDa regulat-
ory/adapter subunit (p85) coupled to a 110 kDa catalytic subunit
(p110) with both subunits possessing several isoforms. The class
I PI 3-kinases are further subdivided into two subclasses: class
Ia and class Ib; the class la PI 3-kinases (pl110«, p1108 and
p11065) signal downstream of tyrosine kinases, while the single
class Ib PI 3-K (p110y) operates downstream of heterotrimeric
GPCRs (G-protein-coupled receptors) [1,2]. Following receptor

ing the second messenger PI(3,4,5)P3. As a result the class 1
PI 3-kinases play a critical role in pathways regulating functions
such as cell metabolism, cell growth and survival, cytoskeletal re-
arrangements and cell movement [3,4]. The class 1 PI 3-kinases
also act as protein kinases [5,6], although the function of this
protein kinase activity is less well defined. Furthermore, a range
of oncogenic mutations have been identified in PIK3CA (p110«)
and PIK3RI (p85«) [7-12] and these result in elevation of their
lipid kinase activity [7,10,13] and protein kinase activity [13,14].

Abbreviations used: Akt, protein kinase B; GPCRs, G-protein-coupled receptors; HTRF, homogenous time-resolved fluorescence; NT, N-terminal; NTT, N-terminal tags; Pl 3-K,
phosphoinositol 3-kinase; Pl, phosphoinositol; rTEV, recombinant Tobacco Etch Virus protease; wt, wild-type; gic, intracellular domain of GM-CSF/IL-3 Bc receptor; RAS,

renin—-angiotensin system.

1 Correspondence may be addressed to either of these authors (email peter.shepherd@auckland.ac.nz or c.buchanan@auckland.ac.nz).
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Owing to their importance in cell metabolism and cancer,
the class 1 PI 3-kinases and oncogenic mutants have become the
subjects of intense research efforts focusing on the development
of a wide range of small molecule drugs to inhibit the lipid kinase
activity of PI 3-K (recently reviewed in [15]). To this end many
researchers are reliant upon catalytically active recombinant PI
3-K (either commercially available or produced in-house) for
use in their assay systems. The majority of these recombinant
kinases are produced with NTT (N-terminal tags); however, it
is now recognized that NTT on p110« up-regulate the potential
for oncogenic transformation of this enzyme in vivo and elev-
ate downstream signalling when tagged forms of p110« are ex-
pressed in cells [16]. It appears that the molecular mechanism for
this up-regulation works in part through essential Ras binding,
mimicking the p110«-helical domain mutants [16] and possibly
through stabilization of the catalytic subunit [17]. These findings
cast doubt on the findings of studies using N-terminally tagged PI
3-K [18-21]; however, the impact of NTT on the in vitro activity
of PI 3-K has never been determined.

We have undertaken a comprehensive study of the impact of an
NT His-tag on the in vitro lipid kinase and protein kinase activity
of all the class 1 isoforms and two major oncogenic mutants of
p110a: H1047R and E545K. Two different types of assays were
used to investigate lipid kinase activity: traditional autoradio-
graphy of extracted radioactive PI(3)P and HTRF (homogenous
time-resolved fluorescence) analysis of PI(3,4,5)P3 levels. We
also determined the ICs,’s for several pan- and isoform-specific
reference inhibitors using both His-tagged and His-tag-free PI
3-K. Here, we report that an NT His-tag has no effect on the K,
or Vimax, and there is no impact on in-vitro lipid kinase assays, or
on ICsy determinations for the reference compounds investigated.
However, it did result in a significant increase in the autophos-
phorylation of the catalytic subunit in oncogenic forms of p110«
and elevation of autophosphorylation of all wt (wild-type) iso-
forms. These findings indicate that N-terminally His-tagged PI
3-K is suitable for use in in-vitro lipid kinase assays, and that in-
hibitor ICsq results generated using His-tagged PI 3-K are likely
to be equivalent to those generated with tag-free constructs.

MATERIALS AND METHODS

Recombinant kinase synthesis

All class la isoforms and mutants were produced in-house by
co-expressing full-length human p85« with the indicated human
full-length catalytic subunit. Coding sequences were cloned by
RT-PCR from human lymphocyte mRNA. Sf9 cells were infec-
ted with a recombinant baculovirus containing coding sequences
for both the p85« (p85x; Genbank accession NM_181523) and
p110 subunits (p110«, Genbank accession NM_006218; p1108,
NM_006219; p1105, NM_005026). All p110 constructs con-
tain an N-His6 rTEV (recombinant Tobacco Etch Virus pro-
tease) tag used to purify the complex by IMAC before final
purification by anion exchange on MonoQ column. The class

1b isoform was similarly produced in baculovirus-infected Sf9
cells; however, only the catalytic p110y subunit was expressed
(p110y,NM_002649). The N-His6-tag removal was achieved by
overnight cleavage with rTEV at 4 °C, and confirmed by Western
blotting of 500 ng of recombinant protein using mouse mono-
clonal anti-His antibody (GE Healthcare cat # 27-4710-01).

Site-directed mutagenesis of pl10« to yield the oncogenic
mutants was performed by using either complementary (overlap-
ping sense and antisense) oligonucleotides containing sequence
mismatches incorporating the desired point mutation, or back-to-
back phosphorylated primers spanning the region to be mutated
(with one primer containing the desired point mutation). Whole
plasmid PCR reactions were performed using a high-fidelity DNA
polymerase (Stratagene Pfu Ultra II Fusion HS) and the previ-
ously cloned wt p110« catalytic coding sequence as the template.
Following PCR amplification of mutated sequences, the template
DNA was removed by digestion with Dpnl restriction endonu-
clease. In mutagenesis reactions using overlapping primers, the
mutated plasmid was recovered by direct transformation into
DH5alpha cells. For reactions using phosphorylated primers fol-
lowing removal of template DNA with Dpnl, the (mutated) PCR
products were self-ligated with T4 DNA ligase prior to transform-
ation into DHS5« cells. For both the methods, resultant plasmids
were sequenced to confirm the insertion of the desired mutations
prior to generation of recombinant baculovirus.

Recombinant gic (intracellular domain of
GM-CSF/IL-3 Bc receptor) production

Production and purification of the His-tagged recombinant Sic
protein encompassing amino acids 445-881 of the fic has been
previously described in [22, 23].

Inhibitors

Wortmannin and LY294002 were from Sigma-Aldrich; TGX-221
was from Symansis; PIK-75, A66 and AS252424 were synthes-
ized in-house as previously described [23,24].

Lipid kinase assays

TLC/autoradiography using Pl (phosphoinositol) as
substrate

For one TLC plate (consisting 12 points/plate), kinase (0.3 ug for
pl10a, 8, H1047R and E545K; 0.65 nug for pl1108; 1.62 ug
for p110y) was made up to 260 ul in buffer containing 40 mM
Tris/HCI, 200 mM NaCl, 1 mM EDTA (pH 7.4). Drugs were
dissolved in DMSO and serially diluted in the same, before
addition of 0.6 ul into a clean microcentrifuge tube. Each re-
action point incorporates 20 pl of kinase mixed with 10 ul of
1 mg/ml PI (Lipid Products) in 10 mM Tris/HCI], 1 mM EDTA
(pH 7.4), 30 ul of ATP mix (10 mM MgCl,, 200 uM ATP, 1 uCi
y3P-ATP) and 0.6 ul of 100x inhibitor or DMSO (final ATP
concentration of 100 uM). The reaction is incubated for 1 h at
room temperature (20°C) and stopped with 100 ul of 1 M HCI.
Lipids were extracted by adding 200 pl of chloroform/methanol
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(1:1, v/v), vortexing, centrifuging (9000 g for 2 min) and remov-
ing 200 ul of the upper phase. Lipids were then re-extracted
by adding 80 pl of methanol/1 M HCI (1:1, v/v) before vortex-
ing, centrifuging (9000 g for 2 min) and complete removal of
the upper phase. The extracted lipids were dried (speed-vac for
40 min) and resuspended in 30 p1 of chloroform: methanol (4:1,
v/v) by vortexing. TLC plates were pre-treated with a solution
containing 8 mM oxalic acid and 1 mM EDTA (pH 8) in MQ
H,O/ethanol (3:1, v/v), and allowed it to dry at room temper-
ature overnight. Lipids were separated on the TLC plates using
propan-1-ol/glacial acetic acid/MQ H,O (65:4:31, v/v). Assay
results were analysed by autoradiography (Molecular Dynamics
Storm 680 PhosphorIlmager and quantified using ImageQuantTL
software).

HTRF using PI(4,5)P2 as substrate

Enzyme titrations and ICs, values were determined using the
PI 3-K (human) HTRF Assay (Millipore, #33-016) according
to the manufacturer’s instructions with 10 uM ATP. All PI 3-K
isoforms were made in-house as described above and used in the
range of their ECgs_g titration for inhibitor studies (18 ng/ml for
H1047R, 6.5 ng/ml for E545K, 50 ng/ml for p110«, 400 ng/ml
for p1108, 65 ng/ml for p1108 and 400 ng/ml for p110y). Drugs
were dissolved in DMSO and serially diluted in the same. Final
DMSO concentration in assay was 2.5 %.

Kinetic analysis

Kinetic analysis was undertaken using the PI 3-K HTRF assay
(above), with four replicates per data point for 3 time points (0,
5 and 10 min) per experiment. ATP was made up in 1 x reaction
buffer (provided in the kit) to final concentrations of 10, 20, 50,
100 and 300 uM. PI(4,5)P2/kinase mix was made up according
to the manufacturer’s instructions (along with PI(4,5)P2 substrate
only for minus enzyme controls). Quadruplicate 5 1 volumes of
ATP at prepared concentrations were added to a 384 well plate.
Stop solution (5 1) was added to the O min time point wells, and
the addition of 15 ul of PI(4,5)P2/kinase mix was staggered so
that the 5 and 10 min reactions could all be terminated by the
addition of Stop solution to all wells at the same time. Detection
mix (5 ul) was added to all wells and the plate was read according
to manufacturer’s instructions 3 h later (Biotek Synergy 2).

Protein kinase assays

Unless otherwise stated, protein kinase assays were carried out in
a buffer containing 5 mM MgCl,, 50 mM NacCl, 20 mM Tris/HCl
(pH 7.4), 0.1 mM Na-orthovanadate, 12 uM ATP, 5 mM DTT
(dithiothreitol) and 2 uCi y *P-ATP; Each reaction tube con-
tained 0.5 ng kinase, 0.5 ng Bic and inhibitors at stated concen-
trations. Unless otherwise stated, incubations were allowed to
proceed for 20 min at 32°C and terminated by the addition of
5x electrophoresis sample buffer before complete denaturation
at 99°C for 5 min. Components were separated by SDS/PAGE
before the gels were stained with Coomassie Brilliant Blue,
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HisTag + - + - + - + - + - + -

- - - - - - . - -

H1047R E545K p110a p110B p1105 pliOy

Figure 1 Confirmation of His-tag removal from Pl 3-K isoforms
ascertained by Western blot using Anti His-tag antibody

dried and analysed by autoradiography (Molecular Dynamics
Storm 680 Phosphorlmager and quantified using ImageQuantTL
software).

RESULTS

Impact of NT His-tag on lipid kinase activity

After proving the removal of His-tag via Western blotting
(Figure 1), we investigated the impact of an NT His-tag on sev-
eral aspects of two in vitro lipid kinase assays using the four
class 1 isoforms and two oncogenic p110« mutants (H1047R
and E545K). Specifically, we undertook studies into enzyme kin-
etics using PI(4,5)P2 as a substrate and measured PI(3,4,5)P3 by
HTREF; we further used the HTRF assay to determine any differ-
ences in enzyme activity as determined by titration of the kinases.
Finally, we used both HTRF (with PI(4,5)P2 as substrate) and
TLC/autoradiography (with PI as substrate) to determine if there
was any difference in inhibitor ICs, using the different forms of
the enzyme.

Our investigation into the kinetics of the enzyme reaction
clearly showed that there was no difference in V., or Ky, between
His-tagged and tag-free forms of the various enzymes (Figures 2
(A) and 2(B) ).

Enzyme titration curves for all the class 1 isoforms and
the oncogenic mutants showed no tag-dependent difference in the
effective concentration of the kinases (Table 1), although
the oncogenic mutants were more active for a given concen-
tration than the wt p110« as observed previously [25,26]. This
was confirmed by a side-by-side comparison of lipid kinase activ-
ity using TLC/autoradiography (Figure 3). Furthermore, our in-
vestigations comparing the effect of the His-tag on the ICsy’s
of isoform-specific small molecule inhibitors proved that the
presence of the NT His-tag had no impact on compound ICs,
(as measured by two different assay types using two different
inositol phosphate substrates (Tables 2A and 2B).

IMPACT OF NT HIS-TAG ON PROTEIN
KINASE ACTIVITY

In addition to lipid kinase activity, PI 3-K exhibits protein kinase
activity, with an ability to auto-phosphorylate its own sub-units
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Figure 2

Kinetic analysis of His-tag (solid bars) and His-tag-free (open bars) kinases as labelled (median + range, n>2)

(A) Relative Vyax, (B) K for ATP in uM, (C) Representative Michaelis—Menten plots for all kinases as detailed on y-axis

(Histag, black line; His-tag-free, grey line).

Table 1 HTRF enzyme titration results (in ng/ml) for different isoforms + His-tag

p110c p110c H1047R p110« E545K p1108 p1105 p110y

Histag — + - + - + - + - + - + -
ECeso 80 64 6 9 20 20 171 242 56 75 311 234
ECgs 498 403 57 47 60 58 402 661 391 342 619 521

[5,6] as well as other protein substrates [27-33]. The effect,
if any, of an NT His-tag on this protein kinase activity has
never been explored, so we undertook a series of experiments
to probe the impact of the NT His-tag on both autophosphoryla-
tion and on the phosphorylation of an exogenous substrate (an
intracellular fragment of the GM-CSF/IL-3 Bc receptor (Bic)
[14,33].

The addition of the NT His-tag had marked effects on the on-
cogenic mutants’ p110 autophosphorylation, with both mutants
exhibiting a significant increase in p110 phosphorylation with
His-tag incorporation (Figure 4 A ). The His-tagged PI 3-Ko-wt,
B, 8 and y also showed elevated p110 phosphorylation (although
not statistically significant; Figure 4A). The incorporation of the
NT His-tag had no effect on p85 phosphorylation (Figure 4B);
however, some variations were observed for Bic phosphorylation

(Figure 4C), with PI 3-K§ exhibiting elevated Bic phosphoryla-
tion with His-tag incorporation.

DISCUSSION

A recent paper by Sun et al. [16] presented evidence that NTT on
p110« activates the potential for oncogenic transformation of this
enzyme in vivo and elevates downstream signalling when tagged
forms of p110« are expressed in cells. All the NTT constructs
tested induced oncogenic transformation whether they were a
His-tag, flag-tag or a myristylation signal. These observations
built on the original study of Yu et al. [17] who also found that
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Table 2 IC5os (in nM) of known isoform specific Pl 3-K inhibitors against different isoforms + His-tag screened in (A)
radioactive TLC lipid kinase assay using 100 M ATP, and (B) HTRF assay using 10 M ATP

(A) Radioactive TLC lipid kinase assay using 100 uM ATP

Radioactive TLC assay p110c p110a H1047R p110c E545K pl10p p1105 pl1oy
His-tag + - + - + - + - + - + -
AG6 9.1 7.7 7.2 7.4 5.6 4.2
PIK-75 2.9 2.8 2.1 1.5 1.7 1.6 11 15
TGX221 2.8 3.2
PIK108 2.4 2.3
IC87114 22 20
CAL101 1.9 1.5
AS252424 49 70
(B) HTRF assay using 10 uM ATP
HTRF assay p110c p110a H1047R p110e E545K p1108 p1105 p110y
His-tag + - + - + - + - + - + -
AG6 16 28 21 22 9.1 6.4
PIK-75 0.9 1.4 1.1 1.0 0.8 1.0 44 26
TGX221 15 11
PIK108 14 14
IC87114 247 293
CAL101 13 13
AS252424 94 53
HisTag + - + - + - + - 4+ - + - will have an activating effect; however, the mechanisms by which
Iw —Trvrer ﬂ this activation was effected were unknown. Here for the first time,
H1047R  ESASK  pll0a  pll0B  pl105  pliy \'Jve I}ave undertaken a targﬁ:ted functiona.l .study to exa_min§ the
in vitro effects of an NT His-tag on the lipid and protein kinase
% 1000000+ activity in order to elucidate the probable mechanism of action.
i 800000 We investigated all the class 1 PI 3-K isoforms (consisting of
S p110/p8S for the PI 3-Ke, -8, -6 and p110 only for PI 3-Ky)
g 500000 and two PI 3-Ka oncogenic mutants (the H1047R catalytic do-
2 main mutant and the E545K helical domain mutant). Our results
g 400000+ show that the incorporation of an NT His-tag has no effect on
E lipid kinase activity as measured by enzyme kinetics and enzyme
o 2000004 titration, indicating that the increase in oncogenic transforma-
;_% od tion and elevated signalling through the Akt (protein kinase B or
& b@*‘ & ,@‘Q & e PKB) pthway prev101'1s¥y observed [16'] is not likely to be be-
,\Qb* & Q& Q J J cause of increased PI lipid phosphorylation. We also proved that

Figure 3 Effects of His-tag on lipid kinase activity as measured
by generation of PI(3)P in the radioactive TLC assay
Representative autoradiograph and quantitation; His-tag (solid bars)
and Histag-free (open bars) kinases as labelled (median+S.E.M.,
n>3).

a series of different NTT [myc, Tris-HA and GST (glutathione
transferases)] resulted in increased stability and lipid kinase activ-
ity for p110 monomers. These researchers further observed that
NTT and p85 binding were complementary not synergistic, sug-
gesting that the NTT substitutes for the p85 sub-unit, which was
also thought to bind at the N-terminus of p110 [17]. Taken to-
gether, these data indicate that it is probable that any NT addition

the presence/absence of NT His-tag has no impact on inhibitor
ICsy determination (Tables 2A and 2B), which is an important
consideration for the vast number of laboratories using recom-
binantly produced PI 3-K for screening lipid kinase inhibitors. In
contrast to the lack of impact on lipid kinase activity, we were
interested to find that NT His-tags do impact the protein kinase
activity. More specifically, the NTT resulted in elevated p110
autophosphorylation for the oncogenic mutants (and wt isoforms
to a lesser extent), as well as increased phosphorylation of Sic
by p1106§. There was little to no variation in effect observed in
relation to p85 phosphorylation.

In summary, we conclude that the increased oncogenic trans-
formation and Akt signalling associated with NTT PI 3-K in
cells is not mediated through an intrinsic elevation in lipid kinase
activity. Sun et al. [16] concluded that any NTT would have an
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Figure 4 Effects of His-tag on protein kinase activity as measured
y33P incorporation into proteins

Representative autoradiograph and gel stained with Coomassie Bril-
liant Blue are shown, band shifts obvious for p110 are because of
the presence or absence of His-tag; Quantitation of His-tag (solid bars)
and His-tag-free (open bars) kinases as labelled for phosphorylation
of (A) p110, B) p85 (all isoforms except p110y) and (C) Bic (me-
dian + S.E.M., n>2), asterisks indicate the statistical significance as
shown **P < 0.01, *P < 0.05. Autoradiography units corrected for pro-
tein loading based on Coomassie Brilliant Blue staining intensity.

activating effect via inducing a conformational change in p110«
similar to that of helical domain mutations, thus disrupting inhib-
ition by the regulatory subunit, p85. Our findings indicate that this

suggested conformational change if it occurs, has no impact on
lipid kinase activity. Furthermore, if this was true then we would
expect to see a difference between the helical and catalytic do-
main mutants. Although no difference was seen in our lipid kinase
assay, there are some perturbations of the protein kinase activity,
impacting both the oncogenic mutants, and the wt isoforms to
a lesser degree. Other intracellular protein/protein interactions
[e.g. PI 3-K/RAS (renin—angiotensin system) interactions] have
yet to be investigated, and could provide insight into the mech-
anism, since it has also been observed that interaction with p85 is
not essential for the oncogenic activity mediated via NTT-p110c,
but interaction with RAS is [16].

From this and other studies we can make the following con-
clusions and recommendations; in vivo (including intracellular)
experiments and investigations into the protein kinase activity of
PI 3-K should ideally be conducted with untagged constructs,
whereas it is safe to carry out in vitro lipid kinase screening using
tagged recombinant protein.

The findings reported from this investigation act to re-
mind researchers using recombinantly produced proteins to be
aware that the inclusion of various tags commonly incorpor-
ated to aid purification, can impact the functional activity of the
protein.

AUTHOR CONTRIBUTION

Christina Buchanan, James Dickson and Peter Shepherd con-
ceived and designed the experiments; Christina Buchanan, Woo-
Jeong Lee and James Dickson performed the experiments;
Christina Buchanan, Woo-Jeong Lee and Peter Shepherd ana-
lysed the data; James Dickson and Peter Shepherd con-
tributed reagents/materials/analysis tools; Christina Buchanan,
James Dickson, Woo-Jeong Lee and Peter Shepherd wrote the
manuscript.

ACKNOWLEDGEMENTS

We thank Associate Professor Gordon Rewcastle and Dr Jackie
Kendal for supplying PI 3-kinase inhibitors for this study.

FUNDING

This work was funded by the Maurice Wilkins Centre for Molecular
Biodiscovery.

REFERENCES

1 Vanhaesebroeck, B. and Waterfield, M. D. (1999) Signaling by
distinct classes of phosphoinositide 3-kinases. Exp. Cell Res.
253, 239-254

2 Wymann, M. R and Pirola, L. (1998) Structure and function of
phosphoinositide 3-kinases. Biochim. Biophys. Acta 1436,
127-150

3 Shepherd, R R., Withers, D. J. and Siddle, K. (1998)
Phosphoinositide 3-kinase: the key switch mechanism in insulin
signalling. Biochem. J. 333 Pt 3, 471-490

(© 2013 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.


http://creativecommons.org/licenses/by/3.0/

Enzyme activity effects of N-terminal His-tag

4 Shepherd, R R. and Kahn, B. B. (1999) Glucose transporters and
insulin action — implications for insulin resistance and diabetes
mellitus. N Engl. J. Med. 341, 248-257

5 Dhand, R., Hiles, I., Panayotou, G., Roche, S., Fry, M. J., Gout, .,
Totty, N. F.,, Truong, O., Vicendo, R, Yonezawa, K. et al. (1994) PI
3-kinase is a dual specificity enzyme: autoregulation by an intrinsic
protein-serine kinase activity. EMBO J. 13, 522-533

6 Carpenter, C. L., Auger, K. R., Duckworth, B. C., Hou, W. M.,
Schaffhausen, B. and Cantley, L. C. (1993) A tightly associated
serine/threonine protein kinase regulates phosphoinositide
3-kinase activity. Mol. Cell. Biol. 13, 1657-1665

7 Samuels, Y., Wang, Z., Bardelli, A., Silliman, N., Ptak, J., Szabo,
S., Yan, H., Gazdar, A., Powell, S. M., Riggins, G. J. et al. (2004)
High frequency of mutations of the PIK3CA gene in human
cancers. Science 304, 554

8 Zhao, L. and Vogt, R K. (2008) Class | PI3K in oncogenic cellular
transformation. Oncogene 27, 5486-5496

9 Campbell, I. G., Russell, S. E., Choong, D. Y., Montgomery, K. G.,
Ciavarella, M. L., Hooi, C. S., Cristiano, B. E., Pearson, R. B. and
Phillips, W. A. (2004) Mutation of the PIK3CA gene in ovarian and
breast cancer. Cancer Res. 64, 7678-7681

10 Bader, A. G., Kang, S. and Vogt, P K. (2006) Cancer-specific
mutations in PIK3CA are oncogenic in vivo. Proc. Natl. Acad. Sci.
U.S.A. 103, 1475-1479

11 Urick, M. E., Rudd, M. L., Godwin, A. K., Sgroi, D., Merino, M. and
Bell, D. W. (2011) PIK3R1 (p85alpha) is somatically mutated at
high frequency in primary endometrial cancer. Cancer Res. 71,
4061-4067

12 Philp, A. J., Campbell, I. G., Leet, C., Vincan, E., Rockman, S. R,
Whitehead, R. H., Thomas, R. J. and Phillips, W. A. (2001) The
phosphatidylinositol 3'-kinase p85alpha gene is an oncogene in
human ovarian and colon tumors. Cancer Res. 61,

7426-7429

13 Chaussade, C., Cho, K., Mawson, C., Rewcastle, G. W. and
Shepherd, R R. (2009) Functional differences between two classes
of oncogenic mutation in the PIK3CA gene. Biochem. Biophys.
Res. Commun. 381, 577-581

14 Buchanan, C., Dickson, J., Lee, W.-J., Guthridge, M., Kendall, J.
and Shepherd, P (2013) Oncogenic mutations of p110« isoform of
Pl 3-kinase upregulate its protein kinase activity under
physiologically relevant conditions. PLoS ONE 8, 71337

15 Sheppard, K., Kinross, K. M., Solomon, B., Pearson, R. B. and
Phillips, W. A. (2012) Targeting PI3 kinase/AKT/mTOR signaling in
cancer. Crit. Rev. Oncog. 17, 69-95

16 Sun, M., Hart, J. R., Hillmann, R, Gymnopoulos, M. and Vogt, P K.
(2011) Addition of N-terminal peptide sequences activates the
oncogenic and signaling potentials of the catalytic subunit
p110alpha of phosphoinositide-3-kinase. Cell Cycle 10,
3731-3739

17 Yu, J., Zhang, Y., Mcllroy, J., Rordorf-Nikolic, T., Orr, G. A. and
Backer, J. M. (1998) Regulation of the p85/p110
phosphatidylinositol 3'-kinase: stabilization and inhibition of the
p110alpha catalytic subunit by the p85 regulatory subunit. Mol.
Cell. Biol. 18, 1379-1387

18 Jensen, J. E., Sorensen, H. A., Kollerup, G., Jensen, L. B. and
Sorensen, 0. H. (1994) Biological variation of biochemical bone
markers. Scand. J. Clin. Lab. Invest. Suppl. 219, 36-39

19 Martin, S. S., Haruta, T., Morris, A. J., Klippel, A., Williams, L. T.
and Olefsky, J. M. (1996) Activated phosphatidylinositol 3-kinase is
sufficient to mediate actin rearrangement and GLUT4 translocation
in 3T3-L1 adipocytes. J. Biol. Chem. 271, 17605-17608

Original Paper

20 Kilippel, A., Reinhard, C., Kavanaugh, W. M., Apell, G., Escobedo,
M. A. and Williams, L. T. (1996) Membrane localization of
phosphatidylinositol 3-kinase is sufficient to activate multiple
signal-transducing kinase pathways. Mol. Cell. Biol. 16,
4117-4127

21 Aoki, M., Schetter, C., Himly, M., Batista, O., Chang, H. W. and
Vogt, P K. (2000) The catalytic subunit of phosphoinositide
3-kinase: requirements for oncogenicity. J. Biol. Chem. 275,
6267-6275

22 Guthridge, M. A., Stomski, F. C., Barry, E. F,, Winnall, W.,
Woodcock, J. M., McClure, B. J., Dottore, M., Berndt, M. C. and
Lopez, A. F. (2000) Site-specific serine phosphorylation of the IL-3
receptor is required for hemopoietic cell survival. Mol. Cell 6,
99-108

23 Jamieson, S. M., Flanagan, J. U., Kolekar, S., Buchanan, C.,
Kendall, J. A., Lee, W. J., Rewcastle, G. W., Denny, W. A, Singh, R.,
Dickson, J. et al. (2011) A drug targeting only p110alpha can block
Pl 3-kinase signalling and tumour growth in certain cell types.
Biochem. J. 438, 10

24 Pomel, V., Kilicic, J., Covini, D., Church, D. D., Shaw, J. R, Roulin, K.,
Burgat-Charvillon, F., Valognes, D., Camps, M., Chabert, C. et al.
(2006) Furan-2-ylmethylene thiazolidinediones as novel, potent,
and selective inhibitors of phosphoinositide 3-kinase gamma.

J. Med. Chem. 49, 3857-3871

25 Beeton, C. A., Chance, E. M., Foukas, L. C. and Shepherd, P R.
(2000) Comparison of the kinetic properties of the lipid- and
protein-kinase activities of the p110alpha and p110beta catalytic
subunits of class-la phosphoinositide 3-kinases. Biochem J. 350
(Pt 2), 353-359

26 Layton, M. J., Saad, M., Church, N. L., Pearson, R. B., Mitchell,

C. A. and Phillips, W. A. (2012) Autophosphorylation of serine
608 in the p85 regulatory subunit of wild type or
cancer-associated mutants of phosphoinositide 3-kinase does not
affect its lipid kinase activity. BMC Biochem. 13, 30

27 Lam, K., Carpenter, C. L., Ruderman, N. B., Friel, J. C. and Kelly,
K. L. (1994) The phosphatidylinositol 3-kinase serine kinase
phosphorylates IRS-1. Stimulation by insulin and inhibition by
Wortmannin. J. Biol. Chem. 269, 20648-20652

28 Tanti, J. F, Gremeaux, T., Van Obberghen, E. and Le
Marchand-Brustel, Y. (1994) Insulin receptor substrate 1 is
phosphorylated by the serine kinase activity of phosphatidylinositol
3-kinase. Biochem. J. 304 (Pt 1), 17-21

29 Uddin, S., Fish, E. N., Sher, D. A., Gardziola, C., White, M. F. and
Platanias, L. C. (1997) Activation of the phosphatidylinositol
3-kinase serine kinase by IFN-alpha. J. Immunol. 158, 2390-2397

30 Bondey, A., Rubio, I. and Wetzker, R. (1999) Differential regulation
of lipid and protein kinase activities of phosphoinositide 3-kinase
gamma in vitro. Biol. Chem. 380, 1337-1340

31 Rondinone, C. M., Carvalho, E., Rahn, T., Manganiello, V. C.,
Degerman, E. and Smith, U. R (2000) Phosphorylation of PDE3B by
phosphatidylinositol 3-kinase associated with the insulin receptor.
J. Biol. Chem. 275, 10093-10098

32 Foukas, L. C. and Shepherd, P R. (2004) elF4E binding protein 1
and H-Ras are novel substrates for the protein kinase activity of
class-I phosphoinositide 3-kinase. Biochem. Biophys. Res.
Commun. 319, 541-549

33 Thomas, D., Powell, J. A., Green, B. D., Barry, E. F.,, Ma, Y.,
Woodcock, J., Fitter, S., Zannettino, A. C., Pitson, S. M., Hughes,
T. R et al. (2013) Protein kinase activity of phosphoinositide
3-kinase regulates cytokine-dependent cell survival. PLoS Biol. 11,
e1001515

Received 27 June 2013/29 July 2013; accepted 15 August 2013

Published as Inmediate Publication 23 August 2013, doi 10.1042/BSR20130075

(© 2013 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC-BY) (http://creativecommons.org/licenses/by/3.0/)
which permits unrestricted use, distribution and reproduction in any medium, provided the original work is properly cited.

863


http://creativecommons.org/licenses/by/3.0/

